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Abstract 
Concerns regarding the response of calcifying species in future warmer and more 
acidic oceans have been raised in many studies. In coral reefs, calcifiers play an 
important role in carbon sequestration, building reefs and generating carbonate 
sediments. Tropical large benthic foraminifera (LBF) are important carbonate 
producers that reside in coral reefs worldwide. Similar to corals, these organisms live 
in symbioses with microalgae, which promote high calcification rates. This thesis uses 
LBFs as a model taxon to investigate the effect of climate change on an important 
but understudied calcifying group on coral reefs.  
To assess the current knowledge on the responses of LBF to climate change, data 
from previous studies conducted on the effects of increased temperature and 
acidification were synthesized in a meta-analysis (18 publications, 84 individual 
experiments) using log-transformed response ratios (LnRR) comparing the response 
of LBF species incubated in present day ambient and future (IPCC Representative 
Concentration Pathway 8.5) scenarios of +4°C and -0.4pH units.  Overall, a general 
negative trend on holobiont growth was observed across most species of LBFs in 
response to both stressors, with the exception of hyaline species (porous CaCO3 test 
composed of interlocking microcrystals) that have diatom symbionts. Species in this 
group appear resilient to future ocean acidification scenarios. Differences in the 
response of LBF species to warming and acidifying oceans may be due to 1) 
differences in the carbonate species’ use in formation of the CaCO3 skeleton (CO2 vs. 
CO32-), 2) varied responses of the symbiont types (diatom, dinoflagellate, 
rhodophytes) to stressors, or 3) the degree of nutritional dependence of the host to its 
symbiont. 
Although the importance of LBFs have been documented in studies of sediment 
deposition on coral reefs, reef-scale carbonate production by these organisms is not 
well understood, and seasonal fluctuations in this important process are largely 
unquantified. To document the importance of LBFs in coral reef environments, the 
dry biomass of five LBF species in their algal flat habitat was quantified in the austral 
winter (July 2013), spring (October 2013), and summer (February 2014) at One Tree 
Reef (OTR), Southern Great Barrier Reef. Satellite images were used to characterize 
and create LBF habitat maps based on ground-referenced photographs of algal 
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cover. These habitat maps were in turn used to estimate instantaneous carbonate 
storage across the entire reef flat with LBF biomass each season. Total carbonate 
storage of LBFs on the reef flat ranged from 270 tonnes (winter) to 380 tonnes 
(summer). Satellite images indicate that the habitat area used by LBFs ranged from 
0.6 km2 (winter) to 0.71 km2 (spring) of a total possible area of 0.96 km2. LBF biomass 
was highest in the winter when algal habitat area was lowest, but total carbonate 
storage was the highest in the summer, when algal habitat area was intermediary. 
These results indicate that biomass measurements alone do not capture total 
abundance of LBF populations (carbonate storage), as the area of available habitat is 
variable. These results suggest LBF carbonate production studies that measure 
biomass in discrete locations and single time points fail to capture accurate reef-scale 
production by not incorporating estimates of the associated algal habitat and across 
seasons. Based on previous models of entire reef metabolism, LBFs contribute 
approximately 3.9-5.4% of the carbonate budgets at OTR, a previously 
underappreciated carbon sink.  
The importance in thermal history of marine organisms affects resilience to stress. 
Large benthic foraminifera in coral reefs often occur in tide pools in the reef flat in 
large densities. These tide pools commonly experience large fluxes in temperature 
and pH due to ponding at spring low tides. The chemical habitat in which LBFs 
occur at OTR ranged between 7.6 – 8.8 pHTotal in a day with large fluxes of >15°C 
recorded. Marginopora vertebralis from these tide pools exhibited resilience as indicated 
by growth, to warming and acidification in near future scenarios of ocean warming 
(+4°C), and acidification (-0.4 pH units), but severe decreases in growth at the 
extreme temperature treatment (+8°C). Increased metabolic stress was observed (net 
production) in all experimental pH and temperature treatments, indicating a 
physiological response to stress. However, growth rates were maintained indicating a 
resilience to pH conditions of up to -0.8 pH units, and +4°C with respect to ambient 
conditions. The warming and acidification treatments used are similar to those 
experienced in situ in the tide pools over a spring tide cycle. This suggests that 
thermal and chemical history of M. vertebralis may influence its response to the 
stressors and convey resilience to projected climate change. By characterizing the 
abiotic forcings that govern present day habitats, better predictions can be made of 
how calcifying organisms may respond to projected ocean change.  
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In coral reefs, organisms live in multi-species mutualistic symbioses with algae as 
epiphytes and epibionts, using the algae as habitat and structure for refuge. Large 
benthic foraminifera such as M. vertebralis are commonly associated as epiphytes on 
calcareous algae such as Halimeda tuna. Although the individual responses of Halimeda 
sp. and M. vertebralis to climate change stressors have been documented, the potential 
for biological amelioration of environmental stress in associations between these two 
organisms is unknown. When incubated in future conditions of ocean warming and 
acidification, a 34% increase in bleaching was observed in H. tuna in isolation as 
compared to those in association with M. vertebralis. Growth (wet weight) of H. tuna 
increased in mild warming conditions (+3°C) in isolation, but decreased when 
warming was combined with acidification (-0.3 pH units). However, in association 
with M. vertebralis, H. tuna maintained growth rates regardless of warming and 
acidification stress. Interestingly, calcification rates (alkalinity anomaly method) were 
greater in isolated H. tuna than those in association with M. vertebralis, except for in 
the combined acidification and warming treatment. Marginopora vertebralis showed 
dissolution rates when in association with H. tuna in warming and acidification 
treatments, while maintaining positive growth rates while in isolation. This suggests a 
compensation mechanism in which H. tuna calcifies at a greater rate in isolation to 
maintain growth rates, while the association with M. vertebralis causes stable growth 
rates in projected ocean warming and acidification. The current mutualistic 
relationship between H. tuna and M. vertebralis appears to shift in projected ocean 
warming and acidification conditions, in which H. tuna utilizes the resources of M. 
vertebralis to prevent bleaching and maintain growth rates. This study documents that 
the quest for homeostasis between interacting organisms is underpinned by 
physiological responses that explain the mechanism to maintain equilibrium in 
response to a disturbance event.  
Photosynthesis in marine algae results in an elevated pH in the surrounding 
microenvironment. This has the potential to allow for biological buffering to 
environmental stress for organisms that live as epiphytes, such as LBFs. To test for 
the potential biological buffering of marine algae in projected climate change 
scenarios to facilitate survival of LBFs, M. vertebralis and Laurencia intricata (a corticated 
red algae, and common substrata), were incubated in flow-through aquaria that 
simulated current and near future ocean warming and acidification for 15 days. 
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Physiological parameters of growth (change in wet weight), calcification (measured 
change in total alkalinity in closed bottles), photochemical efficiency (Fv/Fm), total 
chlorophyll, and photosynthesis (oxygen flux), were quantified. Isolated M. vertebralis 
exhibited reduced growth in near future ocean acidification and warming. However, 
association with L. intricata ameliorated these stress effects, and the observed growth 
and calcification rates of M. vertebralis were similar to ambient conditions. Total 
chlorophyll levels in M. vertebralis decreased when in association with L. intricata, while 
maximum photochemical efficiency increased in ambient conditions. Net production 
estimates remained similar between M. vertebralis in isolation and in association with 
L. intricata, although both production and respiration rates of M. vertebralis were 
significantly higher when associated with L. intricata. Our results indicate that the 
association with L. intricata increases the resilience of M. vertebralis to stress, providing 
an example of physiological buffering by a marine alga in a changing ocean. 
Remote sensing techniques allow for rapid assessments of large areas using satellite 
images paired with physiological data. To date, most studies on reef-scale carbonate 
production have used an additive approach that to scale up from field-based 
observations to entire reef platforms. In such an approach, the contributions of 
individual component organisms to calcification are added together to estimate 
whole-community calcification across broader geographic areas. From an ecological 
point of view, this fails to account for interaction between species that could 
potentially also produce synergistic or antagonistic effects. To refine current methods 
of upscaling carbonate production rates, reef-scale carbonate production rates of M. 
vertebralis were initially determined using traditional techniques of measuring growth 
rates for organisms in isolation, and upscaling these measurements using density 
observations on the entire reef. These measurements were then compared to growth 
rates of M. vertebralis living in association with L. intricata at the reef-scale.  
Standing crop data for M. vertebralis were obtained over the windward reef flat at 
Lizard Island Reef, and estimated to generate 8.44 tonnes yr-1 when association with 
L. intricata is considered. In addition, these results indicate that by failing to account 
for species interactions (in this case with associated algal substrata), an 
underestimation of ~37% in carbonate production rates on the reef-scale is 
determined. In the context of projected climate change, the ability for L. intricata to 
buffer against ocean warming and acidification indicates that the resilience of M. 
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vertebralis is dependent on its algal substrata, as M. vertebralis in isolation were 
estimated to experience dissolution of ca. -40 tonnes yr-1. These estimates provide 
one of the few estimates of reef-scale LBF carbonate production in existing literature, 
and demonstrates the potential for ecologically relevant experiments to help refine 
estimates of carbonate production. 
Overall this thesis provides a novel contribution to our understanding in the role of 
LBFs in coral reefs by quantifying the importance of LBFs in carbonate budgets. 
These results also indicate that thermal and chemical history as well as substratum 
type affects resilience of LBFs. Using LBFs as model organisms, important ecological 
questions of ecosystem resilience to stress through physiological buffering are 
addressed. This is especially important as coral reefs are facing compounding 
anthropogenic stressors from global change. This thesis provides examples that 
species interactions are crucial to resilience of calcifiers such as LBFs in a future 
ocean to the combined stressors of ocean warming and acidification.  
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Chapter 1  General Introduction 
 
Fate of calcifying tropical symbiont-bearing large 
benthic foraminifera: Living sands in a changing ocean.1 
 
1.1    Effects of climate change on the world’s oceans 
Marine environments worldwide are experiencing an unprecedented change due to 
anthropogenic impacts of increased greenhouse gasses released into the atmosphere 
altering the physical and chemical properties of oceans worldwide (Orr et al. 2005; 
Hoegh-Guldberg et al. 2007; Doney et al. 2012). Recent studies document increasing 
concerns as to the persistence of marine organisms, and in particular calcifiers, in an 
ocean increasing in acidity and temperature (Doney et al. 2012). Ocean uptake of 
atmospheric CO2 alters seawater carbonate chemistry, leading to more acidic 
conditions (lower pH) and lower saturation states (Ω) for calcium carbonate minerals 
(Orr et al. 2005). The rate of pH change is 30 to 100 times faster than those in the 
geological past (Zeebe and Ridgwell 2011; Hönisch et al. 2012). Surface ocean pH 
has decreased 0.1 pH units since preindustrial times, equivalent to a 30% increase in 
H+ ions, and the most recent forecast suggests that pH will further decrease by 0.3 
units by the end of this century (Representative Concentration Pathway [RCP] 8.5; 
IPCC 2013). In addition, oceans are predicted to warm by 2.6-4.8°C under the same 
projection by the end of the century, with a likely mean increase of 3.7°C (IPCC 
2013), causing increased physiological demands on organisms with marine calcifiers 
being particularly vulnerable (Kelly and Hofmann 2013; Kroeker et al. 2013). To 
date, most marine species appear to respond negatively to increased temperature and 
acidification (Kroeker et al. 2013), with multi-stressor studies indicating significant 
additive effects (Byrne and Przeslawski 2013; Harvey et al. 2013). However, some 
studies have shown moderate warming can ameliorate or reduce the negative effects 
                                                
1 Portions of this introduction were published in Steve S. Doo, Kazuhiko Fujita, Maria Byrne, Sven Uthicke. 
2014. Fate of calcifying tropical symbiont-bearing large benthic Foraminifera: Living sands in a changing ocean. 
Biological Bulletin. 226: 169-186. 
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of increased acidification on calcifiers in the early life history stages (Byrne 2011; 
Byrne et al. 2013).  
1.2    Foraminifera as carbon sinks 
Foraminifera are protozoans abundant worldwide in marine ecosystems. This taxon 
emerged in the Cambrian explosion (~500Ma) and has persisted through multiple 
mass extinction events (Culver 1991; Vickerman 1992). The number of extant species 
are estimated to be greater than 10,000 (Vickerman 1992), and composes 
approximately one-eighth of the Kingdom Protoctista (Hammond 1995). 
Foraminifera are comprised of four sub-classes, delineated by the composition of 
their tests. These include the allogromiid (which include thecate and monothalamid 
forms with tests composed of organic materials), agglutinated (test composed of 
particles from the surrounding environment), calcareous (test composed of calcium 
carbonate), and siliceous (test compound of silica; Sen Gupta 2003). Calcareous 
foraminifera are further divided into hyaline (porous CaCO3 test composed of 
interlocking microcrystals) and porcelaneous (imporforate CaCO3 test composed of 
randomly arranged rods) forms.  
From a global carbon cycle perspective, calcareous foraminifera play an important 
role in carbon sequestration through their calcification biology, and in the net flux of 
their tests into deep-ocean sediments and shallow-water carbonate sandy habitats 
(Langer et al. 1997; Langer 2008). Although much of the global carbonate 
production of foraminifera is contributed by planktonic species (Langer 2008), large 
benthic foraminifera (LBFs) are important in coral reefs, where they play a major 
role in production of carbonate sands essential for beach maintenance of low-lying 
sand cays (e.g., Yamano et al. 2000; Fujita et al. 2009). These organisms contribute ~ 
5% of annual shallow-water carbonate production in coral reef environments 
(Langer 2008). The carbonate sediments produced by LBFs are also crucial for 
buffering daily pH changes in lagoons through increased local alkalinity associated 
with test dissolution (Yamamoto et al. 2012). The tests of calcareous LBFs are 
composed of mid to high-magnesium calcite (~70-250 mmol Mg/Ca; Raja et al. 
2005), the mineral form considered to be most sensitive to ocean acidification (Morse 
et al. 2006; Yamamoto et al. 2012). 
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While living, many tropical LBFs form symbioses with a range of marine algae 
including dinoflagellates, diatoms, red algae (rhodophytes), green algae 
(chlorophytes), and cyanobacteria (Lee 2006). Specifically, tropical LBFs that are 
important for carbonate production host dinoflagellates (some soritids), diatoms 
(calcarinids, amphistiginids, alveolinids and nummulitids), and rhodophytes (some 
soritids; see Table 1, Ziegler and Uthicke 2011). Within these groups, the symbioses 
formed in single LBF species exhibit a large genetic diversity of dinoflagellates 
(Pochon et al. 2007; Momigliano and Uthicke 2013). On a reef-scale, symbionts 
within the LBF holobiont contribute to primary production through photosynthesis 
and organic carbon production. For instance, LBFs can account for up to 10% of 
organic carbon production on reef-crest communities (Smith and Wiebe 1977; Fujita 
and Fujimura 2008).  
Recent meta-analyses have highlighted the vulnerability of marine calcifiers to ocean 
acidification, reflecting the relationship between carbonate saturation state of 
seawater and calcification (e.g., Harvey et al. 2013; Kroeker et al. 2013). Symbiont-
bearing LBFs secrete high-magnesium calcite tests (Raja et al. 2005), the solubility of 
which can exceed that of aragonite produced by reef corals at a similar seawater 
pCO2 level (Morse et al. 2006). Therefore, tropical reef foraminifers with high-
magnesium calcite tests may be the “first responders” among reef calcifying 
organisms to the decreasing saturation state of seawater caused by ocean acidification 
(Fujita et al. 2011; Yamamoto et al. 2012). In addition, as thermotolerance is an 
important factor controlling species biogeography and persistence (Bozinovic et al. 
2011; Sunday et al. 2012), the persistence of all common reef-dwelling coral reef 
species, such as LBFs in a warming environment, are of great concern (Hoegh-
Guldberg 2011; Pandolfi et al. 2011). 
This review presents a synthesis of research on the effects of global-change stressors 
ocean warming and acidification, on LBF calcification and holobiont physiology. In 
addition, carbonate production by LBFs on tropical coral reefs is summarized to 
provide context with respect to their contribution to calcification on tropical reefs. 
Other factors of anthropogenic stress (including turbidity, UV light, eutrophication, 
heavy metals, etc.) have been shown to influence growth rate and calcification in 
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LBFs, and are reviewed by Reymond et al. (2012). Lastly, we synthesize results of 
previous studies by performing a meta-analysis to better predict impacts of changing 
climates on the potential future persistence of this important group of organisms. 
These data will provide insight into the contribution of LBFs in carbonate production 
and how this may be affected in a changing ocean, with important applications to 
understanding how reef systems may respond to global change.  
1.3    Methodology for meta-analysis 
To assess the impact of projected ocean warming and acidification conditions, a total 
of 18 publications of experimental studies on tropical symbiont-bearing LBFs were 
compiled for this meta-analysis (see Appendix 1.1-3 for details and raw data). As in 
recent meta-analyses, an unweighted analysis was performed using previous methods 
of log-transformed response ratio (LnRR; e.g., Kroeker et al. 2013). In this analysis, 
data for the ambient treatments of the experiment were compared with a 
“treatment” group, to determine response ratios as a measure of the impact 
compared to the control. Negative LnRR values represent negative impacts, and 
conversely, positive LnRR indicate positive responses. Thus, a LnRR of 1 is 
equivalent to a ~170% increase of the variable measured. The RCP 8.5 scenario for 
projected ocean warming and acidification by the end of the century was used as the 
benchmark for the “treatment” group (IPCC 2013). The projections for 2100 are a 
warming of +4°C, and a decrease of 0.3 pH units / 940ppm (IPCC 2013). In cases 
where multiple response variables were measured for the same experiment, similar 
metrics (e.g., growth and size) were only included once.  
1.4    Effects of ocean acidification on LBFs 
1.4.1 Methodology of ocean acidification response studies 
The impacts of ocean acidification on LBFs have been investigated in laboratory 
culture and field studies. For laboratory studies, seawater carbonate chemistry and 
pH was adjusted either by 1) addition of acid (HCl) and base (NaOH) (ter Kuile et al. 
1989; Kuroyanagi et al. 2009), 2) bubbling CO2-enriched air through seawater 
(Fujita et al. 2011; Hikami et al. 2011; Sinutok et al. 2011; Uthicke and Fabricius 
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2012; Vogel and Uthicke 2012; Reymond et al. 2013), or 3) controlling atmospheric 
pCO2 directly in an incubator (McIntyre-Wressnig et al. 2013). Of these approaches, 
bubbling CO2-enriched air through seawater is the best proxy of naturally occurring 
ocean acidification, which changes dissolved inorganic carbon (DIC) at constant total 
alkalinity (TA) (Schulz et al. 2009). Culturing experiments using stable ocean 
acidification conditions has merits to test the effects of different carbonate chemistry, 
however the conditions are unrealistic in most cases, as they do not reflect the 
temporal (daily and seasonal) variation in environmental variables (e.g., light and 
temperature).  
Field studies on the effects of ocean acidification on LBF communities have been 
undertaken at an area close to volcanic CO2 seeps, where pCO2 and other carbonate 
chemistry are used as a proxy for future ocean conditions as projected to occur 
during this century (Uthicke and Fabricius 2012; Uthicke et al. 2013). Although field 
studies can provide insights into the responses of LBF species to acidification under 
natural conditions, the responses to acidification may also be influenced by other 
environmental variables in addition to CO2 gradients. In particular, effects of other 
volcanic gases (e.g., H2S) should be checked in seep areas. As these are open systems, 
other factors such as the source population of propagules (i.e., environmental history 
of the parents), may also influence observed trends. 
1.4.2 Calcification 
Contrasting results have been documented for the calcification of LBFs maintained 
in ocean acidification conditions. Most laboratory (ter Kuile et al. 1989; Kuroyanagi 
et al. 2009; Sinutok et al. 2011; Reymond et al. 2013) and field (Uthicke and 
Fabricius 2012) studies report decreasing calcification for porcelaneous foraminifera 
that have dinoflagellate symbionts (e.g., Marginopora sp.; Fig. 1.1A). Kuroyanagi et al. 
(2009) reared asexually-produced individuals of Marginopora (Amphisorus) kudakajimensis 
under lower pHNBS conditions (7.7, 7.9, 8.2, 8.3) over a 10-week incubation. In this 
study, calcification measured as the change in test weight and diameter was generally 
reduced at low pH (pH 7.7 / 980ppm). In contrast, Vogel and Uthicke (2012) 
showed increasing calcification and growth rates (measured as % daily increase of 
surface area) of Marginopora vertebralis in higher pCO2 seawater (1169 and 1662ppm / 
pHTotal 7.79 and 7.66).  
  
11 
 
 
Table 1.1 Effects of acidification, thermal and interactive (acidification and thermal) 
treatments on tropical symbiont-bearing large benthic foraminifera (LBFs). Controls 
pH and significant effects, if any, are listed for each species with experimental data 
available. All pH units were adjusted to pHsw scale. See Appendix 2 and 3 for further 
details of individual studies. ND represents no data available.  
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Hyaline foraminifera that have diatom symbionts either do not exhibit a response 
(e.g., growth / calcification) to incubation in ocean acidification conditions or exhibit 
increased growth (Fujita et al. 2011; Hikami et al. 2011; Glas et al. 2012; Vogel and 
Uthicke 2012; McIntyre-Wressnig et al. 2013). In pCO2 levels ranging from 300 to 
1000 µatm (pHTotal 8.17-7.76), calcification of Baculogypsina sphaerulata and Calcarina 
gaudichaudii, measured as growth of asexually reproduced juveniles, increases with 
elevated pCO2 (Fujita et al. 2011; Hikami et al. 2011). However, no effect on 
calcification was observed in Amphistegina gibbosa and Heterostegina depressa in broader 
and more extreme pCO2 ranges (Glas et al. 2012; Vogel and Uthicke 2012; 
McIntyre-Wressnig et al. 2013). Interestingly, although growth may not be severely 
impacted by ocean acidification (measured using photography of test diameter 
increase), buoyant weight and density indicative of calcium carbonate precipitated 
decreased significantly in pHTotal conditions of 7.7-7.6 (Prazeres et al. 2015). These 
contrasting experimental results may be due to differences in species genotypes, 
pCO2 ranges examined, culture duration, experimental conditions such as light and 
temperature, and different methods used to measure calcification. Thus, there is a 
need for protocols, culturing conditions and measurement methods to be consistent 
among researchers to gain comparable data, as noted for echinoderms (Byrne 2012). 
1.4.3 Dissolution 
In ocean acidification conditions, growth and dissolution of foraminiferal tests may 
occur simultaneously. Sinutok et al. (2011) reported that after exposure to lower pH 
seawater (-0.2 pH units compared to ambient), test weights of M. vertebralis decreased 
compared with those before exposure, indicating partial dissolution of tests. 
However, it should be noted that dissolution was observed by Sinutok et al. (2011) 
even in control conditions. A further study indicated calcification rate measured 
through buoyant weight resulted in dissolution in low (pHTotal 7.7) conditions (Sinutok 
et al. 2014). A study of Amphistegina gibbosa reported dissolution of test surfaces of 
living individuals in seawater with pCO2 of 2000 ppmv (pHTotal ~7.5), seen by 
scanning electron microscopy (McIntyre-Wressnig et al. 2013). Test surfaces of 
Amphistegina sp. also dissolved in seawater with less extreme conditions (pCO2 444 
µatm; Uthicke et al., 2013). Test surfaces of hyaline foraminifers (e.g., calcarinids) are 
covered with a thin membrane of ectoplasm providing an organic layer protecting 
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the CaCO3 test from changes in seawater chemistry (Erez 2003). On the other hand, 
porcelaneous foraminifera lack an ectoplasm layer, exposing the calcium carbonate 
tests to seawater conditions. These cytological differences between hyaline and 
porcelaneous suggest that porcelaneous foraminifers are more vulnerable to 
dissolution in lower pCO2 (higher pH) seawater, compared with hyaline foraminifers. 
1.4.4 Photosynthesis 
How photosynthetic parameters (e.g., chlorophyll-a, symbiont density) will respond 
to future ocean acidification scenarios is an important consideration, as the health of 
the symbiont is directly related to the health of the LBF. There are contrasting 
findings on the effects of ocean acidification on photosynthesis of LBFs with algal 
symbionts (Fig. 1.1B). In general, gross photosynthesis (oxygen production) rates of 
M. vertebralis increased up to 90% with increasing pCO2 (lowering pH) in volcanic 
CO2 seep sites (Uthicke and Fabricius 2012). In laboratory results, however, 
photosynthesis rates of M. vertebralis decreased at lower pH (Sinutok et al. 2011; 
Reymond et al. 2013). Maximum photochemical efficiency (Fv/Fm), measured by 
pulse amplitude modulation (PAM) fluorescence is often used as a marker of 
symbiont health, which measures the efficiency of charge separation of electrons in 
Photosystem II. Previous studies have all found decreased Fv/Fm values, symbiont 
density and chlorophyll contents decreased in ocean acidification conditions (Sinutok 
et al. 2011; Reymond et al. 2013), suggesting inactivation of photosynthesis of the 
symbiont. For M. vertebralis, exposure to low pH seawater (pHTotal 7.66) had no 
significant differences in gross photosynthesis and respiration rates among different 
acidified seawaters (Vogel and Uthicke 2012). Since no significant differences were 
observed in maximum quantum yield, chlorophyll-a contents, and other 
photosynthetic properties, the authors concluded that acidified seawater did not 
affect photosynthetic activity of symbionts (Vogel and Uthicke, 2012). Microsensor 
studies of O2 and pH microenvironments over test surfaces of foraminifers (M. 
vertebralis, Amphistegina radiata, H. depressa, Peneroplis sp.) demonstrated that 
photosynthesis increased pH on test surfaces, but this increase was insufficient to 
compensate for ambient seawater pH decreases (Glas et al. 2012). Although symbiont 
photosynthesis changes pH on the test surfaces, it may also activate cellular 
metabolism. Investigating nutrient and carbon cycling between foraminifer and 
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symbionts using C/N ratio (Uthicke et al. 2012) and isotope tracers in acidified 
seawater would shed light into this issue. 
 
 
Figure 1.1. Mean effect of near future A. ocean acidification effects on 
calcification/growth response and B. photosymbiont responses (e.g., Fv/Fm, chl-a) in 
tropical symbiont-bearing LBFs. The mean effect of warming on C. LBF 
calcification/growth and D. photosymbiont physiology. Data were compiled from 84 
individual studies from 18 manuscripts and using estimates of year 2100 IPCC 2013 
Representative Concentration Pathway (RCP) 8.5 for acidification and warming (see 
S3). Significance is determined with 95% confidence intervals that do not cross zero, 
and denoted with an asterisk (*). Individual studies are denoted in parenthesis. 
Studies to the right of vertical dashed line are separated into photosymbiont and test 
microstructure, and combined left of the vertical dashed line. 
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1.4.5 Key issues unsolved: contrasting calcification responses between 
hyaline and porcelaneous taxa 
Previous studies indicate that calcification responses of LBF species cultured in ocean 
acidification conditions differ between hyaline taxa with diatom symbionts and 
porcelaneous taxa with dinoflagellate symbionts (Table 1.1). Calcification is either 
enhanced or does not change for hyaline species and generally decreases for 
porcelaneous species (Fig. 1.1A). The mechanism behind this contrasting result could 
be due to: 1) calcification in these two taxa differ in the carbonate species used for 
calcification (ter Kuile 1991), 2) the type of symbionts (Lee 2006) and 3) the degree of 
nutritional dependence upon symbionts (Lee et al. 1991). To distinguish between 
these effects, comparing LBFs reared in ocean acidification conditions and in 
chemically manipulated seawater, in which bicarbonate ion concentrations varies 
under a constant carbonate ion concentration, would be useful. For instance, Hikami 
et al. (2011), using these techniques, concluded that carbonate ion affected growth of 
Amphisorus hemprichii (porcelaneous foraminifers), while the CO2 ion had a greater 
influence on C. gaudichaudii (hyaline foraminifers). The contrasting responses of these 
two foraminiferal genera to acidification may reflect different sensitivities to these 
carbonate species (CO32- vs. CO2) and with respect to the type of symbiotic algae 
(diatom vs. dinoflagellate). Calcification of porcelaneous taxa may decrease in 
acidification conditions because more CO2 acidic seawater decreases the 
concentration of carbonate ion, which is the main species for calcification (ter Kuile 
1991). In addition, porcelaneous foraminifera are not nutritionally dependent upon 
symbiont photosynthesis (Lee et al. 1991) even if symbiont photosynthesis is 
enhanced by high pCO2 seawater (Glas et al. 2012; Uthicke and Fabricius 2012). 
Calcification of hyaline taxa may be enhanced by ocean acidification conditions 
because this taxon is nutritionally dependent on symbiont photosynthesis (Lee et al. 
1991), which may be enhanced by higher CO2 (Fujita et al. 2011; Hikami et al. 
2011). Since the majority of hyaline species host diatom symbionts, while most 
porcelaneous LBF species associate with dinoflagellate symbionts, the investigation of 
Alveolinella, a porcelaneous foraminifer with diatom symbionts may provide important 
insights to assess the mechanism underlying of different calcification responses 
between the two taxa. In addition, species specific differences in Mg/Ca 
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concentrations (affecting solubility of the CaCO3 test) in LBF tests may also 
contribute to differences observed (Raja et al. 2005). 
1.5    Ocean warming 
Although physiological stress due to increased temperatures often results in bleaching 
of LBFs (e.g., Schmidt et al. 2011), the cellular mechanism of bleaching in the 
context of warming oceans is not well understood. Corals, which also form symbioses 
with marine algae, offer an interesting parallel to LBFs. In corals, increased 
temperature can compromise photosynthesis by the algal symbiont (e.g., Iglesias-
Prieto et al. 1992; Jones et al. 1998; Warner et al. 1999), leading to increased reactive 
oxygen species production (Lesser 1997). This in turn causes a disassociation of the 
symbiont and host (e.g., bleaching) and in extreme cases, host mortality (Gates 1990; 
Hoegh-Guldberg 1999). Although photoinhibition due to thermal stress is well 
documented for corals (Reviewed in Smith et al. 2005), less is known about how 
other marine symbioses, such as the foraminiferan-algae association, will respond to 
increased temperature in the context of climatic change. Varied responses in the 
LBF-algal symbiosis to increased temperature is reported in several studies (e.g., 
Schmidt et al. 2011; van Dam et al. 2012), and may be influenced by symbiont type, 
as suggested above for ocean acidification studies.  
While calcification was not measured in the studies listed in Table 1.1, changes in 
LBF growth is used as a proxy for calcification. As LBF tests are composed nearly 
entirely of calcium carbonate and relatively little organic matter, test 
growth/reduction provides a good indicator of calcification responses. To date, the 
impact of increased temperature on the growth of LBFs has been investigated in both 
short and long-term time frames. To properly account for experimental duration, 
which has been shown to influence the physiology and motility of LBFs (Schmidt et 
al. 2011), studies on the impact of increased temperatures were separated into two 
types: short (5 hours - 6 days) and long (3 weeks – 6 weeks).  
1.5.1 Short-term experimental findings (5 hours – 6 days) 
Physiological responses of LBFs in short-term increased temperature experiments 
provides insights into how these organisms will respond to ocean warming and pulses 
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of warming in the environment (Table 1.1; Fig. 1.1C-D). From an ecological 
perspective, LBFs appear to be adapted to conditions experienced in situ (+2 - 6°C 
above ambient), as documented by a heat shock experiment of B. sphaerulata (diatom-
bearing) from the intertidal, resulting in a 50% reduction of the RuBisCO protein 
(photosynthetic rate-limiting enzyme) at +8°C above ambient (Doo et al. 2012b). For 
this study, the upper thermal limit reflects extreme conditions normally experienced 
in situ, as determined by temperature data collected at the site. Similarly, studies with 
other intertidal species indicate adaptive mechanisms to short-term heat stress, while 
less resilience to longer thermal stress (Stillman 2003). Thus, it seems likely that the 
physiological responses of LBFs to increased temperature depend on the habitat 
conditions that they are adapted/acclimated to. To date, only two thermotolerance 
experiments have been performed to assess colder water responses of LBFs. In the 
first experiment, two species of diatom-bearing LBFs Amphistegina madagascariensis and 
A. radiata exhibited an optimal range of -4 to +6°C with respect to ambient 
conditions, with a significant decrease in movement/motility outside this thermal 
window (Zmiri et al. 1974). Recently, the thermotolerance ranges of three common 
reef species (B. sphaerulata, C. gaudichaudii and A. kudakajimensis) on Okinawa, Japan 
were determined over an experimental range of 5-45°C (Fujita et al. 2014). In this 
study, optimal photosynthesis and respiration was observed at ~5°C greater than 
mean seawater temperature for all species, reflecting acclimation to life in thermally 
variable environments (Fujita et al. 2014). While understanding the impacts of 
increased temperature on LBFs are important, research on cold temperature 
tolerance is also needed to discern impacts of natural physiological changes in 
context with the dynamic environment in some LBF habitats (e.g., Doo et al. 2012b).  
Two studies investigating the effects of increased temperature on LBFs have 
measured the Fv/Fm response for a wide suite of common LBFs along the Great 
Barrier Reef (GBR), Australia in response to short-term warming (Schmidt et al. 
2011; van Dam et al. 2012). In these studies warming for 4-6 days caused a decrease 
in Fv/Fm values by symbionts in diatom-bearing Calcarina mayori, C. hispida, Alveolinella 
quoyi, Amphistegina radiata, and dinoflagellate-bearing M. vertebralis (Schmidt et al. 2011; 
van Dam et al. 2012). Interestingly, no changes in Fv/Fm were observed in 
rhodophyte-bearing Peneroplis planatus, and diatom-bearing H. depressa in response to 
elevated thermal stress (Schmidt et al. 2011; van Dam et al. 2012). While the 
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majority of LBF species investigated in short-term increased temperature conditions 
exhibited decreases in physiological health (as measured by Fv/Fm), several species 
(e.g., P. planatus and H. depressa), appear more tolerant to thermal stress (Schmidt et al. 
2011; van Dam et al. 2012). Thus, it appears that some LBF species are more 
resilient to heat stress than others.  
1.5.2 Longer-term experimental findings (3 – 6 weeks)  
Long-term studies on the effects of increased temperature on LBFs have only been 
performed on 5 species (see below), and in all cases, negative effects are reported (Fig. 
1.1C-D). Decreased growth and in extreme cases, dissolution was observed in M. 
vertebralis incubated at 32°C (+6°C above ambient) for 3 weeks (Doo et al. 2012a). 
Decreased oxygen production was observed with elevated temperatures (+4°C above 
ambient) for M. vertebralis following longer-term exposure (Uthicke and Fabricius 
2012). Amphistegina gibbosa cultured in elevated temperatures (+12°C above ambient) 
for 5 weeks bleached, although these effects were also attributed to UV effects (Talge 
and Hallock 2003). Amphistegina radiata also exhibited decreased growth at +5°C 
above ambient (Schmidt et al. 2011).  
This meta-analysis on long-term exposure to increased temperature has deleterious 
effects on the photosymbionts’ health in LBFs (Fig. 1.1D). Amphistegina radiata, C. 
mayori and H. depressa incubated at elevated temperatures (5°C above ambient) for 4 
weeks all experienced significant decreases in Fv/Fm values (Schmidt et al. 2011). 
This presents an interesting contrast to the results of short-term (up to 6 days) 
experiments, where H. depressa were tolerant to heat stress, but were not able to 
withstand long-term stress (Schmidt et al. 2011). Schmidt et al. (2011) documented 
that duration of heat stress is also important to the physiological health of LBFs. All 
LBFs incubated in long-term warming experiments exhibited reduced calcification 
and photosymbiont health (Fig. 1C-D).  
1.5.3 Field observations of warming impacts 
While experimental incubation in aquaria is crucial to our understanding of LBF 
responses to future warming, there remains a concern as to if these organisms 
respond differently in nature. In this context, laboratory-based experiments paired 
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with field sampling of population dynamics would aid in our understanding of 
natural population oscillations. Natural seasonal oscillations in LBF population 
density are well documented (see Carbonate Contribution of LBFs section below). 
Seasonal effects on calcification rate indicated calcification in M. vertebralis is 
significantly higher in winter (Reymond et al. 2011), while bleaching in A. gibbosa 
does not change by increased summer temperatures (Hallock et al. 1995). Amphistegina 
radiata exposed for > 5 weeks in several experiments in winter and summer on the 
GBR showed reduced growth during warmer summer temperatures (Uthicke and 
Altenrath 2010). However, re-analysis of these data indicated that this may not just 
be a temperature effect, but likely to be influence by increased nutrients associated 
with runoff of land-based nutrients in the summer (Uthicke, unpub. data). In the 
same study, H. depressa also grew more slowly in summer in response to a small 
increase in ambient temperatures (as above, re-analysis of data).  
A significant shortcoming of field observations is the difficulty in discerning which 
physical variable(s) causes the response observed. As seen in a study on Sorites 
dominicensis, bleaching was observed at temperatures 3°C above ambient, however 
there were also possible influences of freshwater input and desiccation at the field site 
(Richardson 2009). In addition, information gleaned from summer/winter 
comparisons are accompanied by changes in additional factors (e.g., differences in 
day length) that vary alongside temperature.  
1.6    Insights of multiple-stressor experiments on LBF 
physiology 
While the oceans are simultaneously warming and acidifying, there remains a large 
gap in experimental data regarding how LBFs may respond to simultaneous 
exposure to multiple stressors.  
To date, only four studies have investigated the effect of future ocean acidification 
and thermal stress on tropical LBFs (Sinutok et al. 2011; Schmidt et al. 2014; Sinutok 
et al. 2014; Prazeres et al. 2015). In these studies, the simultaneous exposure of 
warming and acidification caused decreased growth, reduced Fv/Fm values, 
decreased chlorophyll, decreased calcite crystal size, and decreased test density in M. 
vertebralis (Sinutok et al. 2011; Schmidt et al. 2014; Sinutok et al. 2014; Prazeres et al. 
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2015). However, the Fv/Fm and chlorophyll values were low even under control 
conditions, indicating that the LBFs may have had compromised health. Schmidt et 
al. (2014), also observed a greater deleterious effect of temperature (3°C above 
ambient), than acidification (decrease of 0.2 pH units) for survivorship, growth, and 
photosynthesis in two common LBF species (M. vertebralis and H. depressa).  
Interactions between multiple anthropogenic stressors can provide interesting insights 
into how LBFs will respond in a multi-stressor ocean, highlighting the possibility of 
mitigation of some negative climate change effects. A study by Reymond et al. (2013) 
documents a diminishing of the negative effects of ocean acidification with moderate 
increases in nutrient in the LBF Marginopora rossi. While this is the first study to 
document a non-additive effect of multiple climate change stressors in LBFs, further 
work is needed across different species and stressors. A crucial area for research is 
understanding the interactive effects ocean warming and acidification in LBFs, as 
these two ocean change stressors are among the greatest of worldwide concern 
(Schmidt et al. 2014). 
1.7    The role of algal substrata in LBF resilience 
Higher carbonate producing species of LBFs are often associated with marine algae 
as epiphytes on coral reef habitats (Langer et al. 1997). Fleshy, calcified and 
corticated species of marine algae are typically associated with LBFs as substratum, 
and tend to occur in higher wave energy environments (Lee 2006). Marine 
macroalgal responses to climate change due to increased availability of CO2 in 
seawater caused by elevated anthropogenic carbon input is varied, but generally 
showing faster growth rates in fleshy macroalgae, and decreases in calcifying species 
(reviewed in Koch et al. 2013).  
Most studies examining climate change effects on calcifying organisms have 
measured physiological responses of solitary animals to ocean warming and 
acidification (Doney et al. 2012). However, species interactions will inevitably play a 
role in organismal responses to these abiotic factors. Behavioral studies between 
multiple animals (eg. predator-prey) have found that interactions between organisms 
changes their physiology in a projected warming and acidification (e.g., Ferrari et al. 
2015)
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disturbance event has also been documented, in which increased macroalgal growth 
caused by increased CO2 can be ameliorated by increased metabolism of herbivores 
(Ghedini et al. 2015). These interactions have potential implications on a larger 
ecosystem scale, and may aid in increasing ecosystem resilience to a changing 
climate, which single-species experiments fail to capture (Kroeker et al. 2016).  
The macroalgae that LBFs are commonly associated with (eg. Halimeda) exhibit 
boundary layers of increased pH in the micro-scale where photosynthesis occurs (de 
Beer and Larkum 2001; Hurd et al. 2011; Cornwall et al. 2013). These 
photosynthetically driven diffusive boundary layers (DBLs) occur on surface of the 
macroalgae and have the potential to buffer against the effects of ocean acidification 
(Hurd et al. 2011). However, observational studies at CO2 seeps, analogous to future 
ocean acidification conditions, have found negligible seagrass buffering capacity for 
epiphytic foraminifera in response to decreasing pH (Fabricius et al. 2011; Pettit et al. 
2015).  
1.8    Carbonate contribution of LBFs to coral reef sediments and 
potential alteration of reef carbonate budgets due to climate 
change 
While single-species experimental studies are important to our understanding of how 
LBFs may be impacted by changing climates, there remains a lack of understanding 
of their contribution to reef carbonate budgets. This is a major gap in knowledge 
needed to predict how the role of LBFs in coral reef ecosystems may change in the 
future. While carbonate sediment production on tropical coral reefs is largely 
attributed to fragmented coral skeletons, in many reef systems, LBFs are primary 
sources of calcareous sediment production (Vila-Concejo et al. 2013). Several 
qualitative studies document the large contribution of benthic foraminiferan tests in 
carbonate sands of the central GBR (Scoffin and Tudhope 1985). Recent work on 
carbonate budget on coral reefs has indicated the likely missing component in most 
reef-scale estimates of calcification are LBFs (Hamylton et al. 2013a). The 
importance of LBFs is especially noted in low lying islands in the south Pacific such as 
Tuvalu, which are completely reliant on these organisms for replenishment of beach 
sands (Collen 1996). 
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Table 1.2. Carbonate production on lagoon and reef flats worldwide. Only studies in which assessed entire populations of LBFs present in 
samples were included. 
Sea Reef Type / 
Lagoon 
Site Latitude Water depth 
(m) 
CaCO3  
(g m2 yr-1) 
Major Species Estimation Method Reference 
Worldwide Reef Flat Worldwide n.a.  230 (30-1000) Reef foraminiferal assemblage Langer et al. (1997) 
 Lagoon Worldwide n.a.  30.4 (1.2-120) Reef foraminiferal assemblage Langer et al. (1997) 
         
North Pacific Lagoon Palau 7°N 1-2m 110-660 Amphistegina sp., Calcarina sp. Seasonal standing crop 
sampling 
Hallock (1981) 
 Reef Palau 7°N 1-2m 60-3000 Calcarina sp., B. sphaerulata Seasonal standing crop 
sampling 
Hallock (1981) 
 Reef Majuro Atoll,  
Marshall Islands 
7°N intertidal-4m 0-10,000 Calcarina sp., Amphistegina sp. Seasonal standing crop 
sampling 
Fujita et al. (2009) 
 Reef Kailua Bay, Hawaii 21°N surface-25m 10-140 A. lessonii, A. lobifera,  
H. depressa* 
Gross carbonate 
production 
Harney and Fletcher 
(2003) 
 Reef O'ahu, Hawaii 21°N 2-10m 100-2800 Amphistegina sp., Peneroplis 
sp. 
Seasonal standing crop 
sampling 
Harney et al. (1999) 
 Lagoon Irabu/Shimoji Islands, 
Japan 
25°N Intertidal-1m 70-1000 M. kudakajimaensis Seasonal standing crop 
sampling 
Fujita et al. (2000) 
 Reef Sesoko Island, Japan 27°N Intertidal-1m 560 C. gaudichaudii, B. sphaerulata,  
N. calcar 
Seasonal standing crop 
sampling 
Hohenegger. (2006) 
 Lagoon Sesoko Island, Japan 27°N Intertidal-1m 1020 M. kudakajimaensis Seasonal standing crop 
sampling 
Hohenegger. (2006) 
      *Inferred from Hallock et al. 1981  
         
South Pacific Reef Warraber Island, Torres 
Strait 
10°S 1-35m 30-230 unknown Gross carbonate 
production 
Hart and Kench. 
(2007) 
 Reef Raine Reef, GBR 11°S Intertidal-1m 1800 B. sphaerulata, M. vertebralis,  
A. lobifera 
Seasonal standing crop 
sampling 
Dawson et al. (2014) 
 Reef Green Island, GBR 16°S intertidal-1m 480 C. hispida, B. sphaerulata, 
 A. lessonii 
Seasonal standing crop 
sampling 
Yamano et al. (2000) 
 Reef One Tree Island, GBR 23°S intertidal 3000 M. vertebralis, B. sphaerulata Density counts with remote 
sensing 
Doo et al. (2013) 
  Reef Elat 29°N 4m 400 A. hemprichii Seasonal standing crop 
sampling 
Zohary et al. (1980) 
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At the global scale, LBFs contribute approximately 4.8% to reef-scale carbonate 
budgets (Langer et al. 1997; Langer 2008). The majority of calcification occurs on 
reef flats with certain studies documenting production up to 10,000 g LBF calcium 
carbonate (CaCO3) m-2 yr-1 production of LBFs in the Majuro Atoll (Fujita et al. 
2009), and a world-wide average of 230 g m-2 yr-1 (Langer et al. 1997). At Green 
Island, GBR, up to 30% of CaCO3 formed is composed of LBF tests (Yamano et al. 
2000; Table 1.2). Other emergent reef platforms have smaller contributions of LBFs 
ranging from 2-8% in studies of reef systems across the Indo-Pacific (Vénec-Peyré 
1991; Harney and Fletcher 2003; Hart and Kench 2007). Reefs in Palau have been 
documented to produce an excess of 3000 g m-2 yr-1 CaCO3 (Hallock 1981), while a 
high latitude reef at Sesoko Island, Japan, reef habits produce 560 g m-2 yr-1 
(Hohenegger 2006). Foraminifera that live as epiphytes on algal-dominated reef 
platforms along the GBR produce a large amount of CaCO3, with One Tree Reef 
LBF production estimated to be 3000 g m-2 yr-1 (Doo et al. 2012a), and Raine Island 
Reef to be 1800 g m-2 yr-1 (Dawson et al. 2014). Estimates of carbonate production 
by LBFs that reside on lagoonal sediments are lower than on fore-reefs, with the 
world-wide average being 30.4 g m-2 yr-1 (Langer et al. 1997). Only three studies 
have been conducted to assess yearly production of LBFs in lagoons, and these 
estimates range from 70-1020 g m-2 yr-1 (Hallock 1981; Hohenegger 2006; Fujita et 
al. 2009).  
It is clear that changing climates have the potential to significantly impact the 
calcification biology of LBFs. In this context, a better understanding of the 
contribution of LBFS to a reef-scale carbonate budget, and how this may change 
with future climate change scenarios is needed (Resig 2004). From a population 
standpoint, localized extinction and range extensions are predicted in this “do or die” 
global change scenario (Poloczanska et al. 2013). Although range expansion and 
migration to more suitable temperatures as a mechanism for LBF species persistence 
has been modeled for Amphestigina sp. (Langer et al. 2013), habitat suitability is likely 
to be a limiting factor, as identified for tropical echinoderms (Hardy et al. 2014).  
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1.9    Conclusions 
In the multi-stressor marine environment that LBFs reside in, other factors not 
reviewed here such as UV, salinity, pollution etc., will also affect the persistence of 
this important taxon (Reymond et al. 2012). A recent meta-analysis documents a 
varied, but largely negative effect of changing oceans on marine calcifiers (Kroeker et 
al. 2013). Although this review reveals a general negative trend of LBF health in 
response to ocean warming and acidification, the small number of empirical studies 
published to date emphasizes the need for further work on LBFs, and in particular 
multi-stressor studies. Furthermore, certain groups of LBFs appear more resilient 
than others. While controlled laboratory studies are essential for our understanding 
of physiological responses to climate change, our ability to predict marine organisms’ 
responses lies within understanding the adaptive capacity in LBFs. This includes 
understanding the effects of phenotypic plasticity to tolerate stress, and genetic 
capability to evolve in a changing ocean (Munday et al. 2013).  
1.10    Key organisms in this thesis 
1.10.1 Marginopora vertebralis 
Marginopora vertebralis is a common shallow-water LBF species in the Eastern Pacific 
ranging from southern Japan to the southern Great Barrier Reef, Australia and 
generally occurs in more wave-dynamic areas (Fujita et al. 2014; Doo et al. 2012a; 
Fig. 1.2A). This species hosts a dinoflagellate microalgal symbiont Symbiodinium sp. 
(Lee 2006), similar to those found in corals (Momigliano and Uthicke 2013). 
Marginopora vertebralis exhibits both sexual and asexual reproduction modes with ~1yr 
life span (Sen Gupta 2003). Along the GBR, M. vertebralis is a large contributor to 
reef-scale sediment production, nourishing localized beach environments such as 
Coconut Beach, Lizard Island and One Tree Reef (Fig 1.2B). The test of M. vertebralis 
is a high-magnesium calcite structure (~225 mmol/mol;  Raja 2005), leading to high 
rates of dissolution and therefore carbon turnover (Doo, pers. obvs.).  
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Figure 1.2A. Photograph of Marginopora vertebralis taken using light microscopy. The 
dark green color is indicative of Symbiodinium sp. microsymbionts that associated with 
this species. Scale bar is 1mm. B. Post-mortem, M. vertebralis is important in beach 
sand production, as seen in the foreground of the photograph, where white tests are 
seen. This photograph was taken at Coconut Beach, Lizard Island Reef, Australia.  
1.10.2 Other large benthic foraminifera 
The other key species investigated in this thesis are diatom-bearing LBFs and include 
Calcarina capricornia, Amphistegina lobifera, and Baculogypsina sphaerulata (Fig. 1.3 A-C). On 
One Tree and Lizard Island Reefs, these species are common in the same 
environments as M. vertebralis (see Chapter 2). These species also exhibit both asexual 
and sexual reproduction modes, and generally live ~1-1.5 yrs (Sen Gupta 2003). The 
tests of both C. capricornia and B. sphaerulata are high-magnesium calcite (~275 
mmol/mol; Raja 2007), while the test of A. lobifera exhibits seasonal fluctuations, but 
generally lower-magnesium calcite (~50-80 mmol/mol; Raja 2007). 
Figure 1.3 Light microscopy photos of A. Calcarina capricornia, B. Amphistegina lobifera 
and C. Baculogypsina sphaerulata. Scale bars are 1mm.  
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1.10.3 Halimeda tuna 
Halimeda tuna is a green calcareous macroalgae that is common in tropical reef 
environments (Fig. 1.4A; Diaz-Pulido and McCook 2008), and produces an aragonite 
skeleton that is precipitated within interutricular spaces (Borowitzka 1989). In coral 
reefs, Halimeda sp. sequester large amounts of carbon, with some reefs in Tahiti 
upwards of 1.4 kg CaCO3 m-2 yr-1 in areas know as “Halimeda banks” (Payri 1988). 
Certain Halimeda sp. are known to produce toxins that act as a chemical defense 
against predators by reducing palatability (Paul and van Alstyne 1988). In reef 
environments, H. tuna is generally associated with epiphytes, and in the study areas 
used in this thesis, with LBFs (Fig. 1.4B). 
Figure 1.4A. A photograph of Halimeda tuna. Scale bar is 1cm. B. High densities of 
the LBF M. vertebralis occur on H. tuna in certain locations. Scale bar is 5cm. Both 
photographs were taken at Coconut Beach, Lizard Island Reef.  
1.10.4 Laurencia intricata 
Laurencia intricata is an ephemeral red algae that occurs in high-wave energy 
environments along the GBR (Diaz-Pulido and McCook 2008). This species in 
particular provides a suitable habitat for a wide variety of epibionts and epiphytes 
include molluscs, foraminifera and other algae (Fig 1.5).  
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Figure 1.5. Photograph of Laurencia intricata from Tsushima Island, Japan. 
Photographed by Taiju Kitayama, National Museum of Nature and Science, Tokyo 
in 2011.    
 
1.11    Thesis Outline 
Many issues remain that impede our full understanding of how LBFs will respond to 
changing climatic conditions. While corals are the predominant calcifiers on coral 
reef environments, a better understanding of carbonate production by smaller 
organisms (eg. LBFs and molluscs) is needed to understand their role in coral reef 
carbonate budgets. As LBFs offer valuable ecosystem services such as contributing to 
reef sediments, it is important to refine the methodology for estimating reef-scale 
carbonate production rates. Furthermore, as the majority of high carbonate-
producing LBF species are epiphytes on marine macroalgae, further understanding 
of this relationship and how it may change under projected climate change is 
essential to make robust predictions about LBF resilience in the future. This will 
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inform models of how this important but understudied taxon will be impacted at the 
reef-scale by changing environmental conditions.  
My thesis addresses major gaps in knowledge on the biology and ecology of LBFs in 
the context of climate change. Specifically, I aim to: 
1. Address the need to better understand the contribution of LBFs to reef-scale 
carbonate production in Chapter 2 through a year-long study that 
documents the population biology and ecology of commonly occurring 
species on One Tree Reef, GBR. To further refine estimates of carbonate 
storage, remote sensing data were collected to complement field-based 
measurements of LBF carbonate storage. This chapter has been published in 
Coral Reefs.  
2. Relate habitat and thermal history of LBFs into resilience measurements. In 
Chapter 3, I assess how the thermal and chemical history of a common 
LBF, Marginopora vertebralis influences it’s resilience to stressors of ocean 
warming and acidification. This chapter will be submitted to Journal of 
Experimental Marine Biology and Ecology 
3. Address the potential interactive effects of ocean warming and acidification 
on the relationship between the calcifying macroalgae Halimeda tuna and its 
epiphytic LBF, M. vertebralis (Chapter 4). This association is commonly seen 
on reef flats along the GBR, and I assessed how the relationship between 
these two species may be altered in changing ocean conditions. This chapter 
will be submitted to Nature Climate Change 
4. Examine the potential for biological buffering by the common corticated 
algae Laurencia intricata to its epiphyte, the LBF M. vertebralis in current and 
near-future climate change scenarios (Chapter 5). Marine algae have large 
DBLs that may aid in the resilience of LBFs in a warming and acidifying 
ocean. This chapter will be submitted to Global Change Biology 
5. Quantify the potential for biological buffering to enhance carbonate 
production rates of M. vertebralis at the reef-scale. In Chapter 6, I incorporate 
the data produced in Chapter 5 on biological buffering in current and future 
climate change scenarios, and upscale these measures to the entire reef flat of 
the Lizard Island Group, to compare against the current methods of additive 
procedure. This chapter will be submitted in Coral Reefs. 
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1.11    Appendices 
Appendix 1.1. Studies that were included in the meta-analysis. A. Ocean acidification effects on calcification, B. Ocean acidification effects on 
photobiology, C. Ocean warming effects on calcification and D. Ocean warming effects on photobiology. All studies were compiled using IPCC 
2013 RCP 8.5 scenarios of estimates of ocean warming (+4°C), and acidification (-0.3pH unit or 960ppm CO2). 
Test wall 
type 
Symbiont type Foraminifera Measurements Made Control 
Mean 
Treatment 
Mean 
Effect 
Size 
Treatment 
Group 
Reference 
A. Ocean Acidification Effects on Growth/Calcification 
Hyaline Pennate diatom Amphistegina gibbosa Growth rate (% surface area)  0.35 0.39 0.108 1000 ppm 
McIntyre-Wressnig et al. 
(2013) 
Hyaline Pennate diatom Amphistegina radiata Growth rate (% surface area d-1) 0.175 0.216 0.211 1169ppm Vogel and Uthicke (2012) 
Hyaline Pennate diatom Baculogypsina sphaerulata Final test weight (alpha population) 16.26 15.27 -0.063 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Baculogypsina sphaerulata Final test weight (beta population) 14.58 14.31 -0.019 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Baculogypsina sphaerulata Final diameter (alpha population) 298 297 -0.003 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Baculogypsina sphaerulata Final diameter (beta population) 283.5 285 0.005 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Calcarina gaudichaudii Final test weight (alpha population) 40.855 32.19 -0.238 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Calcarina gaudichaudii Final test weight (beta population) 39.66 37.38 -0.059 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Calcarina gaudichaudii Final diameter (alpha population) 358.25 355 -0.009 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Calcarina gaudichaudii Final diameter (beta population) 368 372.25 0.011 970 ppm Fujita et al. (2011) 
Hyaline Pennate diatom Calcarina gaudichaudii Final test weight 20.954 26.295 0.227 907 ppm Hikami et al (2011) 
Hyaline Pennate diatom Heterostegina depressa Growth rate (% surface area d-1) 0.186 0.168 -0.102 1169ppm Vogel and Uthicke (2012) 
Hyaline Pennate diatom Heterostegina depressa Growth rate (% surface area d-1) 0.394 0.331 -0.173 pH 7.9 Schmidt et al. (2014) 
Porcelaneous Dinoflagellate Amphisorus hemprichii Final test weight (alpha population) 40.46 36.36 -0.107 970 ppm Fujita et al. (2011) 
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Porcelaneous Dinoflagellate Amphisorus hemprichii Final test weight (beta population) 65.15 57.63 -0.123 970 ppm Fujita et al. (2011) 
Porcelaneous Dinoflagellate Amphisorus hemprichii Final diameter (alpha population) 626.75 631.75 0.008 970 ppm Fujita et al. (2011) 
Porcelaneous Dinoflagellate Amphisorus hemprichii Final diameter (beta population) 759.75 704.25 -0.076 970 ppm Fujita et al. (2011) 
Porcelaneous Dinoflagellate Amphisorus kudakajmensis Final test diameter 0.58 0.51 -0.129 pH 7.7 Kuroyanagi et al. (2009) 
Porcelaneous Dinoflagellate Amphisorus kudakajmensis Final test weight 27.6 14 -0.679 pH 7.7 Kuroyanagi et al. (2009) 
Porcelaneous Dinoflagellate Amphisorus kudakajmensis Final test weight 41.276 35.415 -0.153 907 ppm Hikami et al. (2011) 
Porcelaneous Dinoflagellate Marginopora vertebralis Growth rate (% surface area d-1) 0.052 0.047 -0.109 1169ppm Vogel and Uthicke (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis 
Alkalinity anomaly (% dry wt. d-1) 
in Fig 3a 0.438 0.269 -0.489 pH 7.57 Uthicke and Fabricius (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis 
Alkalinity anomaly (% dry wt. d-1) 
in Fig 3b 0.472 0.395 -0.178 pH 7.65 Uthicke and Fabricius (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis Growth rate (% surface area d-1) 0.075 0.111 0.398 pH 7.9 Schmidt et al. (2014) 
Porcelaneous Dinoflagellate Marginopora rossi Growth rate (% surface area d-1) 0.74 0.32 -0.838 pH 7.6-7.7 Reymond et al. (2013) 
B. Ocean Acidification Effects on Photobiology 
Hyaline Pennate diatom Amphistegina radiata chl-a 142.625 160.085 0.115 1169ppm Vogel and Uthicke (2012) 
Hyaline Pennate diatom Amphistegina radiata Fv/Fm 0.671 0.625 -0.071 1169oom Vogel and Uthicke (2012) 
Hyaline Pennate diatom Heterostegina depressa chl-a 215.525 220.511 0.023 1169ppm Vogel and Uthicke (2012) 
Hyaline Pennate diatom Heterostegina depressa Fv/Fm 0.702 0.669 -0.048 1169ppm Vogel and Uthicke (2012) 
Hyaline Pennate diatom Heterostegina depressa Oxygen production 0.079 0.066 -0.184 1307ppm Vogel and Uthicke (2012) 
Hyaline Pennate diatom Heterostegina depressa chl-a 0.161 0.156 -0.031 pH 7.9 Schmidt et al. (2014) 
Hyaline Pennate diatom Heterostegina depressa Oxygen production 0.021 0.006 -1.223 pH 7.9 Schmidt et al. (2014) 
Porcelaneous Dinoflagellate Marginopora vertebralis chl-a 198.244 228.769 0.143 1169ppm Vogel and Uthicke (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis Fv/Fm 0.637 0.635 -0.003 1169ppm Vogel and Uthicke (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis Oxygen production 0.071 0.09 0.239 1307ppm Vogel and Uthicke (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis Oxygen production in Fig 1c -0.566 0.288 
 
pH 7.55 Uthicke and Fabricius (2012) 
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Porcelaneous Dinoflagellate Marginopora vertebralis Oxygen production in Fig 1d 0.259 0.554 0.761 pH 7.74 Uthicke and Fabricius (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis Oxygen production in Fig 1f 0.644 1.099 0.535 pH 7.75 Uthicke and Fabricius (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis chl-a 0.165 0.153 -0.077 pH 7.9 Schmidt et al. (2014) 
Porcelaneous Dinoflagellate Marginopora vertebralis Oxygen production 0.012 0.013 0.107 pH 7.9 Schmidt et al. (2014) 
Porcelaneous Dinoflagellate Marginopora rossi Oxygen production 3.64 1.78 -0.715 pH 7.6-7.7 Reymond et al. (2013) 
C. Ocean Warming Effects on Growth/Calcification 
Hyaline Pennate diatom Amphistegina radiata Growth rate (% surface area)  0.072 0.042 -0.538 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa Growth rate (% surface area)  0.394 0.303 -0.262 +3C Schmidt et al. (2014) 
Porcelaneous Dinoflagellate Marginopora vertebralis Growth rate (% surface area)  1.601 0.765 -0.739 +4C Doo et al. (2013) 
Porcelaneous Dinoflagellate Marginopora vertebralis Growth rate (% surface area)  2.54 2.29 -0.104 +6C Reymond et al. (2011) 
Porcelaneous Dinoflagellate Marginopora vertebralis Growth rate (% surface area)  0.01 0.008 -0.243 +3C Uthicke et al. (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis Growth rate (% surface area)  0.075 0.08 0.076 +3C Schmidt et al. (2014) 
D. Ocean Warming Effects on Photobiology 
Hyaline Pennate diatom Amphistegina gibbosa % Healthy (1-bleached) 0.88 0.78 -0.121 +5C Talge and Hallock (2003) 
Hyaline Pennate diatom Amphistegina radiata Fv/Fm 0.742 0.741 0 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Amphistegina radiata Fv/Fm 0.735 0.727 -0.01 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Amphistegina radiata Fv/Fm 0.699 0.707 0.011 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Amphistegina radiata chl-a 126 143.937 0.133 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Amphistegina radiata chl-a 146.302 163.281 0.11 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Amphistegina radiata chl-a 106.068 94.682 -0.114 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Amphistegina radiata Fv/Fm 0.658 0.646 -0.019 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Amphistegina radiata chl-a 126.984 82.374 -0.433 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Baculogypsina sphaerulata RuBisCO expression 1.48 1.43 -0.034 +4C Doo et al. (2012) 
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Hyaline Pennate diatom Baculogypsina sphaerulata Oxygen production 1.82 2.57 0.345 +5C Fujita et al. (2014) 
Hyaline Pennate diatom Calcarina gaudichaudii Oxygen production 1.59 2.21 0.329 +5C Fujita et al. (2014) 
Hyaline Pennate diatom Calcarina hispida Fv/Fm 0.801 0.792 -0.012 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Calcarina hispida chl-a 137.058 159.176 0.15 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Calcarina mayori Fv/Fm 0.708 0.707 -0.001 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Calcarina mayori chl-a 174.85 146.534 -0.177 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Calcarina mayori Fv/Fm in Figure 3B 0.697 0.704 0.01 +4C van Dam et al. (2012) 
Hyaline Pennate diatom Heterostegina depressa Fv/Fm 0.717 0.709 -0.011 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa Fv/Fm 0.749 0.754 0.006 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa Fv/Fm 0.731 0.731 0.001 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa chl-a 113 105.2 -0.072 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa chl-a 101.88 104.957 0.03 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa chl-a 95.512 91.691 -0.041 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa Fv/Fm 0.696 0.633 -0.094 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa chl-a 109.724 33.905 -1.174 +5C Schmidt et al. (2011) 
Hyaline Pennate diatom Heterostegina depressa Fv/Fm in Figure 3A 0.732 0.722 -0.014 +4C van Dam et al. (2012) 
Hyaline Pennate diatom Heterostegina depressa chl-a 159.093 123.268 -0.255 +4C van Dam et al. (2012) 
Hyaline Pennate diatom Heterostegina depressa chl-a 0.161 0.076 -0.758 +3C Schmidt et al. (2014) 
Hyaline Pennate diatom Heterostegina depressa Oxygen production 0.021 0.004 -1.618 +3C Schmidt et al. (2014) 
Porcelaneous Pennate diatom Alveolinella quoyi Fv/Fm in Figure 3C 0.761 0.753 -0.011 +4C van Dam et al. (2012) 
Porcelaneous Dinoflagellate Marginopora kudakajimensis Oxygen production 2.71 3.19 0.163 +5C Fujita et al. (2014) 
Porcelaneous Dinoflagellate Marginopora vertebralis Fv/Fm in Figure 3D 0.688 0.681 -0.01 +4C van Dam et al. (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis Fv/Fm in Figure 3E 0.732 0.698 -0.048 +4C van Dam et al. (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis chl-a 214.637 135.322 -0.461 +4C van Dam et al. (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis chl-a 0.165 0.142 -0.152 +3C Uthicke et al. (2012) 
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Porcelaneous Dinoflagellate Marginopora vertebralis Oxygen production 0.518 0.514 -0.008 +3C Uthicke et al. (2012) 
Porcelaneous Dinoflagellate Marginopora vertebralis chl-a 0.165 0.042 -1.365 +3C Schmidt et al. (2014) 
Porcelaneous Dinoflagellate Marginopora vertebralis Oxygen production 0.012 0.007 -0.557 +3C Schmidt et al. (2014) 
Porcelaneous Rhodophyte Peneroplis planatus Fv/Fm in Figure 3F 0.588 0.566 -0.038 +4C van Dam et al. (2012) 
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Appendix 1.2. All studies to date on ocean acidification effects on symbiont-bearing large benthic foraminiferal physiology. Experimental 
conditions are presented in Table A, and calcification/photosynthesis parameters measured and findings for the corresponding studies are found 
in Table B. 
A.                          
Test wall 
type 
Symbiont 
type Foraminifera Experimental design Duration 
Light 
condition  
(μmol m-2 s-
1; L:D cycle) 
Temperature & 
salinity  
(°C; psu) 
Carbonate 
chemistry 
manipulation 
pCO2 
range  
(μatm) 
pH range  
(scale) 
Omega 
calcite 
TA  
(μmol 
kg-1) 
DIC  
(μmol 
kg-1) 
Hyaline 
Pennate 
diatom 
Amphistegina 
lobifera 
Laboratory/closed 
system/bottle 2 d 750; 13:11h 26 - 28; ND acid/base ND 
6.0-9.6 
(NBS) ND ND ND 
  
Amphistegina 
gibbosa 
Laboratory/closed 
system/incubator 6 w 11; 12:12h 25; 38 - 40 
atmospheric CO2 
aerated 
385 - 
2000 
ppmv 
7.56 - 
8.10 
(total) 
1.84 - 
6.36 
2480 - 
2624 
2100 - 
2517 
  
Amphistegina 
radiata 
Laboratory/flow-through 
system 6 w 8 - 12; ND 27.2 - 27.5; ND CO2 bubbling 
467 - 
1662 
7.66 - 
8.14 
(total) 1.8 - 4.8 
2280 - 
2282 
1999 - 
2192 
   
Laboratory/semi-closed 
circulation system 4 d 30; ND 25.9 - 26.0; ND CO2 bubbling 
432 - 
2151 
7.60 - 
8.22 
(NBS) 
1.90 - 
6.52 
2617 - 
2709 
2343 - 
2603 
  
Baculogypsina 
sphaerulata 
Laboratory/flow-through 
system/AICAL 12 w 60; 12:12h 27.5; 34.4 CO2 bubbling 
261 - 
972 
7.76 - 
8.17 
(total) 2.7 - 6.4 2188 
1796 - 
2043 
  
Calcarina 
gaudichaudii 
Laboratory/flow-through 
system/AICAL 12 w 60; 12:12h 27.5; 34.4 CO2 bubbling 
261 - 
972 
7.76 - 
8.17 
(total) 2.7 - 6.4 2188 
1796 - 
2043 
   
Laboratory/flow-through 
system/AICAL 4 w 100; 12:12h 27.1; 34.1 CO2 bubbling 
245 - 
907 
7.76 - 
8.23 
(total) 2.9 - 6.8 2224 
1821 - 
2075 
  
Heterostegina 
depressa 
Laboratory/flow-through 
system 6 w 8 - 12; ND 27.2 - 27.5; ND CO2 bubbling 
467 - 
1662 
7.66 - 
8.14 
(total) 1.8 - 4.8 
2280 - 
2282 
1999 - 
2192 
   
Laboratory/semi-closed 
circulation system 4 d 30; ND 25.9 - 26.0; ND CO2 bubbling 
432 - 
2151 
7.60 - 
8.22 
(NBS) 
1.90 - 
6.52 
2617 - 
2709 
2343 - 
2603 
   
Laboratory/flow-through 
system 35 d 
10-17; 
12:12h 27.9 - 28.1; ND CO2 bubbling 
479 - 
738 
8.15 – 
7.98 
(NBS) 3.8 - 5.1 
2232 - 
2235 
2031 - 
2134 
Porcelaneous Dinoflagellate Amphisorus Laboratory/closed 2 d 750; 13:11h 26 - 28; ND acid/base ND 6.0 - 9.6 ND ND ND 
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hemprichii system/bottle (NBS?) 
   
Laboratory/flow-
through/AICAL 12 w 60; 12:12h 27.5; 34.4 CO2 bubbling 
261 - 
972 
7.76 - 
8.17 
(total) 2.7 - 6.4 2188 
1796 - 
2043 
  
Amphisorus 
kudakajmensis 
Laboratory/closed 
system/bottle 10 w 190; 12:12h 25; ND acid/base ND 
7.7 - 8.3 
(NBS) ND ND ND 
   
Laboratory/flow-through 
system/AICAL 4 w 100; 12:12h 27.1; 34.1 CO2 bubbling 
245 - 
907 
7.76 - 
8.23 
(total) 2.9 - 6.8 2224 
1821 - 
2075 
  
Marginopora 
vertebralis 
Laboratory/recirculated 
system/two-factors (temp) 5 w 300; 12:12h 28 - 34; 33 CO2 bubbling 
33.2 - 
262 Pa 
7.4 - 8.1 
(NBS) 
1.84 - 
8.02 
2314 - 
2827 
1923 - 
2749 
   
Laboratory/flow-through 
system 6 w 29 - 34; ND 27.2 - 27.5; ND CO2 bubbling 
467 - 
1662 
7.66 - 
8.14 
(total) 1.8 - 4.8 
2280 - 
2282 
1999 - 
2192 
   
Field & on board/at CO2 vent, 
Papua New Guinea 1 d 2 - 12; ND 
27.4 - 29.9; 
33.2 - 35.7 natural CO2 seeps 
373 - 
12105 
7.07 - 
8.19 
(total) 
0.40 - 
5.92 
2239 - 
2619 
1926 - 
2919 
   
Laboratory/closed 
system/vials 1 d 2 - 12; ND 
25.7 - 29.3; 
31.5 - 35.2 CO2 bubbling 
333 - 
2314 
7.43 - 
8.17 
(total) 
1.35 - 
6.41 
2103 - 
2335 
1841 - 
2296 
   
Laboratory/semi-closed 
circulation system 4 d 30; ND 25.9 - 26.0; ND CO2 bubbling 
432 - 
2151 
7.60 - 
8.22 
(NBS) 
1.90 - 
6.52 
2617 - 
2709 
2343 - 
2603 
   
Laboratory/flow-through 
system 53 d 
38-45; 
12:12h 27.9 - 28.1; ND CO2 bubbling 479-738 
8.15 – 
7.98 
(NBS) 3.8 - 5.1 
2232 - 
2235 
2031 - 
2134 
  
Marginopora rossi 
Laboratory/closed 
system/two-factors (nutrient) 35 d 
45 - 50; 
12:12h 25;  35 CO2 bubbling 
252 - 
1048 
7.6 - 8.1 
(NBS) 
1.91 - 
5.38 
2036 - 
2075 
1960 - 
2140 
  Rhodophyte Peneroplis sp. 
Laboratory/semi-closed 
circulation system 4 d 30; ND 25.9 - 26.0 CO2 bubbling 
432 - 
2151 
7.60 - 
8.22 
(NBS) 
1.90 - 
6.52 
2617 - 
2709 
2343 - 
2603 
 
B.  
     
Foraminifera 
Measurement methods of 
calcification Calcification 
Measurement methods of 
photosynthesis Photosynthesis Reference 
Amphistegina 
lobifera 
14C tracer technique (µg C mg 
foram-1 2d-1) 
Decrease with elevated pCO2 14C tracer technique (µg C mg 
foram-1 2d-1) 
Slight decrease with elevated pCO2 ter Kuile et al. (1989) 
Amphistegina 
gibbosa 
Growth rate (% surface area) No change but partial dissolution of test surfaces 
at 2000 ppmv 
Not measured  McIntyre-Wressnig et 
al. (2013) 
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Amphistegina 
radiata 
Growth rate (% surface area d-1) No change with elevated pCO2 Fv/Fm, chl-a No change with elevated pCO2 Vogel and Uthicke 
(2012) 
 Ca2+ microsensor No change with elevated pCO2 O2 microsensor No change with elevated pCO2 Glas et al. (2012) 
Baculogypsina 
sphaerulata 
Final test weight and diameter Increase with elevated pCO2 Not measured  Fujita et al. (2011) 
Calcarina 
gaudichaudii 
Final test weight and diameter Increase with elevated pCO2 Not measured  Fujita et al. (2011) 
 Final test weight Increase with elevated pCO2 Not measured  Hikami et al. (2011) 
Heterostegina 
depressa 
Growth rate (% surface area d-1) No change with elevated pCO2 Fv/Fm, O2 production  (µg O2 
h-1 mg (ww)-1) 
No change with elevated pCO2 Vogel and Uthicke 
(2012) 
 Ca2+ microsensor No change with elevated pCO2 O2 microsensor No change with elevated pCO2 Glas et al. (2012) 
 Growth rate (% surface area d-1) Decrease with elevated pCO2 Fv/Fm, O2 production  (µg O2 
h-1 mg (ww)-1) 
No change with elevated pCO2 Schmidt et al. (2014) 
Amphisorus 
hemprichii 
14C tracer technique (µg C mg 
foram-1 2d-1) 
Decrease with elevated pCO2 14C tracer technique (µg C mg 
foram-1 2d-1) 
Slight decrease with elevated pCO2 ter Kuile et al. (1989) 
 Final test weight and diameter Decrease with elevated pCO2 Not measured  Fujita et al. (2011) 
Amphisorus 
kudakajimensis 
Final test weight and diameter, 
number of chambers 
Decrease with elevated pCO2 Not measured  Kuroyanagi et al. 
(2009) 
 Final test weight Decrease with elevated pCO2 Not measured  Hikami et al. (2011) 
Marginopora 
vertebralis 
Buoyant weight technique (mg 
CaCO3 d-1) 
Decrease (dissolution) with elevated pCO2 and / 
or high temperature 
Fv/Fm, O2 production  (µmol 
O2 L-1) 
Decrease with elevated pCO2 and/or 
high tem. 
Sinutok et al. (2011) 
 Growth rate (% surface area d-1) Increased rates with elevated pCO2 Fv/Fm, O2 production  (µg O2 
h-1 mg (ww)-1) 
No change with elevated pCO2 Vogel et al. (2012) 
 Not measured  O2 production  (µg O2 mm-2 d-
1) 
Increase with elevated pCO2 Uthicke and Fabricius 
(2012) 
 Alkalinity anomaly techinique (% dry 
wt. d-1) 
Decrease with elevated pCO2 O2 production  (µg O2 mm-2 d-
1) 
Increase with elevated pCO2 Uthicke and Fabricius 
(2012) 
 Ca2+ microsensor No change with elevated pCO2 O2 microsensor No change with elevated pCO2 Glas et al. (2012) 
 Growth rate (% surface area d-1) No change with elevated pCO2 Fv/Fm, O2 production  (µg O2 h-1 mg (ww)-1)  
Marginopora rossi Growth rate (% surface area d-1) Decrease with elevated pCO2 O2 production  (µmol O2 g-2 h-
1) 
Decrease with elevated pCO2; no 
effects of nutrients 
Reymond et al. (2013) 
Peneroplis sp. Ca2+ microsensor No change with elevated pCO2 O2 microsensor No change with elevated pCO2 Glas et al. (2012) 
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Appendix 1.3. All studies to date on ocean warming effects on tropical symbiont-bearing large benthic foraminiferal physiology. Experiment 
conditions are in Table A, while calcification/photosynthesis parameters and findings for the corresponding studies are found in Table B. 
A.       
Test wall type Symbiont type Foraminifera Experimental design Duration Light condition (μmol m-2 s-1) 
Temperature Range 
(°C) 
Hyaline  Pennate diatom Amphistegina gibbosa Laboratory/closed system/incubator 5 weeks 6 -15 20 - 32 
  Amphistegina radiata Laboratory/closed system/bottle 6 days 11-15 23 -33 
   Laboratory/flow-through 30 days 200 26 - 31 
  Baculogypsina sphaerulata Laboratory/closed system/bottle 5 hours 250 26 - 34 
   Laboratory/closed system/bottle 1 day 100 5 - 45 
  Calcarina gaudichaudii Laboratory/closed system/bottle 1 day 100 5 - 45 
  Calcarina hispida Laboratory/closed system/bottle 6 days 11-15 23 -33 
  Calcarina mayori Laboratory/flow-through 30 days 200 26 - 31 
   Laboratory/closed system/incubator 96 hours 10 26 - 34 
  Heterostegina depressa Laboratory/closed system/bottle 6 days 11-15 23 -33 
   Laboratory/flow-through 30 days 200 26 - 31 
   Laboratory/closed system/incubator 96 hours 10 26 - 34 
   Laboratory/flow-through 35 days 8-12 28 - 31 
Porcelaneous   Alveolinella quoyi Laboratory/closed system/incubator 96 hours 10 26 - 34 
 Dinoflagellate Amphisorus kudakajimensis Laboratory/closed system/bottle 1 day 100 5 - 45 
  Sorties dominicensis Field based study 2 days ND 28 - 31 
  Marginopora vertebralis Laboratory/closed system/bottle 3 weeks 150 26 - 32 
   Laboratory/closed system/bottle 6 weeks 6 - 9 22-28 
   Laboratory/closed system/incubator 96 hours 10 26 - 34 
   Laboratory/flow-through 53 days 45-50 28 - 31 
 Rhodophyte Peneroplis planatus Laboratory/closed system/incubator 96 hours 10 26 - 34 
              
B.      
Foraminifera 
Measurement 
methods of 
calcification 
Calcification Measurement methods of photosynthesis Photosynthesis Reference 
Amphistegina gibbosa not measured  Histological observation of bleaching Bleaching with elevated temperature Talge and 
Hallock, (2003) 
Amphistegina radiata Growth rate (% 
surface area d-1) 
Decreased growth at 
elevated temperature 
Fv/Fm, chl-a Decreased Fv/Fm and chl-a at increased 
temperature 
Schmidt et al. 
(2011) 
Baculogypsina 
sphaerulata 
not measured  Western blotting, RuBisCO enzyme Decreased with elevated temperature Doo et al. (2012) 
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 not measured  O2 production  (µg O2 h-1 mg (ww)-1) Increased with mild (+5°C) elevated 
temperature 
Fujita et al. (2014) 
Calcarina gaudichaudii   O2 production  (µg O2 h-1 mg (ww)-1) Increased with mild (+5°C) elevated 
temperature 
Fujita et al. (2014) 
Calcarina hispida not measured  Fv/Fm, chl-a Decreased Fv/Fm and chl-a at increased 
temperature 
Schmidt et al. 
(2011) 
Calcarina mayori not measured  Fv/Fm, chl-a No signifcant effect with temperature Schmidt et al. 
(2011) 
 not measured  Fv/Fm Decreased Fv/Fm at elevated temperature  van Dam et al. 
(2012) 
Heterostegina depressa not measured  Fv/Fm, chl-a Decreased Fv/Fm and chl-a at increased 
temperature 
Schmidt et al. 
(2011) 
 not measured  Fv/Fm, chl-a Decreased Fv/Fm and chl-a at increased 
temperature 
Schmidt et al. 
(2011) 
 not measured  Fv/Fm, visual observation of bleaching Decreased Fv/Fm and increased 
bleaching with elevated temperature  
van Dam et al. 
(2012) 
 Growth rate (% 
surface area d-1) 
Decreased growth with 
elevated temperature 
Fv/Fm, chl-a, O2 production  (µg O2 h-1 
mg (ww)-1) 
Decreased Fv/Fm and chl-a, O2 
production at increased temperature 
Schmidt et al. 
(2014) 
Alveolinella quoyi not measured  Fv/Fm Decreased Fv/Fm at elevated temperature  van Dam et al. 
(2012) 
Amphisorus 
kudakajimensis 
not measured  O2 production  (µg O2 h-1 mg (ww)-1) Increased with mild (+5°C) elevated 
temperature 
Fujita et al. (2014) 
Sorties dominicensis not measured  Visual observation of bleaching Bleaching with elevated temperature Richardson 
(2009) 
Marginopora vertebralis Growth rate (% 
surface area d-1) 
Decrease 
growth(dissolution) with 
elevated temperature 
Not measured  Doo et al. (2013) 
 Growth rate (% 
surface area d-1) 
Decreased growth with 
elevated temperature 
Not measured  Reymond et al. 
(2011) 
 not measured  Fv/Fm, visual observation of bleaching Decreased Fv/Fm and increased 
bleaching with elevated temperature  
van Dam et al. 
(2012) 
 Growth rate (% 
surface area d-1) 
Decreased growth with 
elevated temperature 
Fv/Fm, chl-a, O2 production  (µg O2 h-1 
mg (ww)-1) 
Decreased Fv/Fm and chl-a, O2 
production at increased temperature 
Schmidt et al. 
(2014) 
Peneroplis planatus not measured   Fv/Fm No change by elevated pCO2 Glas et al. (2012) 
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Chapter 2 
 
Spatial and temporal variation in reef-scale carbonate 
storage of large benthic foraminifera: A case study on 
One Tree Reef1 
 
Abstract 
Large benthic foraminifera (LBFs) are a vital component of coral reef carbonate 
production, often overlooked due to their small size. These abundant calcifiers are 
crucial to reef calcification by generation of lagoon and beach sands. Reef-scale 
carbonate production by LBFs is not well understood and seasonal fluctuations in this 
important process are largely unquantified. The biomass of five LBF species in their 
algal flat habitat was quantified in the austral winter (July 2013), spring (October 
2013), and summer (February 2014) at One Tree Reef. World View-2 satellite 
images were used to characterize and create LBF habitat maps based on ground-
referenced photographs of algal cover. Habitat maps and LBF biomass 
measurements were combined to estimate carbonate storage across the entire reef 
flat. Total carbonate storage of LBFs on the reef flat ranged from 270 tonnes (winter) 
to 380 tonnes (summer). Satellite images indicate that the habitat area used by LBFs 
ranged from 0.6 km2 (winter) to 0.71 km2 (spring) of a total possible area of 0.96 km2. 
LBF biomass was highest in the winter when algal habitat area was lowest, but total 
biomass was the highest in the summer, when algal habitat area was intermediary. 
Our data suggest biomass measurements alone do not capture total abundance of 
LBF populations (carbonate storage), as the area of available habitat is variable. 
These results suggest LBF carbonate production studies that measure biomass in 
discrete locations and single time points fail to capture accurate reef-scale production 
by not incorporating estimates of the associated algal habitat. Reef-scale 
                                                
1 This chapter is accepted for publication as Steve S. Doo, Sarah Hamylton, Joshua Finfer, Maria 
Byrne. Spatial and temporal variation in reef-scale carbonate storage of large benthic foraminifera: A 
case study on One Tree Reef. Coral Reefs (accepted). 
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measurements in this study can be incorporated into carbonate production models to 
determine the role of LBFs in sedimentary landforms (lagoons, beaches etc.). Based 
on previous models of entire reef metabolism, our estimates indicate that LBFs 
contribute approximately 3.9-5.4% of reef carbonate budgets, a previously carbon 
sink unaccounted for in most reef models.  
2.1    Introduction 
2.1.1 Carbonate production of large benthic foraminifera 
Tropical large benthic foraminifera (LBFs) typically reside in high abundances (> 1kg 
m-2 CaCO3 biomass in some reefs) as epiphytes on filamentous and turf algae 
habitats in reef crest areas of coral reefs (e.g., Hallock 1981; Langer 1993; Fujita et al. 
2009). While most of reef calcification is constituted by corals and calcareous algae 
(e.g., Hamylton et al. 2013a), populations of other calcifying taxa, such as LBFs, also 
have the potential to contribute significantly to reef carbonate production, (Langer et 
al. 1997; Harney and Fletcher 2003). These unicellular organisms generate calcium 
carbonate tests, and occur in coral reefs worldwide. In some reef habitats, LBFs 
provide the majority of carbonate production (Fujita et al. 2009; Doo et al. 2012a). 
The functional importance of certain LBF species on coral reefs lies within their 
high-magnesium carbonate tests post-mortem. Species such as Marginopora vertebralis 
and Baculogypsina sphaerulata contain a mineral form that is particularly susceptible to 
dissolution due to reef diel pH changes, thereby increasing the buffering capacity of 
reefs (Raja et al. 2007; Yamamoto et al. 2012). 
The algal habitat that LBFs associates with on coral reefs varies seasonally (Rogers 
1997; Catterall 2002), indicating changes in LBF biomass (weight per area) would 
also be expected. However, seasonal and spatial variation of LBFs on tropical reefs 
remains unclear despite many previous studies on LBF population ecology (e.g., 
Hallock 1981; Collen 1996; Yamano et al. 2000). As such, the interaction between 
temporal and spatial biomass dynamics of LBFs is important to elucidate. To 
properly quantify LBF carbonate production, the collection of geographically and 
seasonally representative samples is crucial to the accurate estimation of their 
carbonate storage at the reef-scale. While seasonal and temporal fluctuations of LBF 
populations are important at the reef-scale (approximately 3.5km by 5.5 km at One 
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Tree Reef), most studies do not consider larger reef-scale processes (eg. those 
occurring across several kms). From a geomorphological perspective, knowledge of 
the spatial distribution of LBFs is important to understand processes associated with 
post-mortem transport of tests within the sedimentary form, as these influence the 
dynamics of landforms such as sand aprons, beaches and spits (Harris et al. 2011; 
Vila-Concejo et al. 2013).  
2.1.2 Algal substrata of large benthic foraminifera 
Turfing and filamentous algae are the dominant substrata in reef flat areas (Catterall 
2002; Diaz-Pulido and McCook 2008). Physical processes such as wave-energy and 
seasonal temperature changes drive spatial patchiness in algal habitats along the reef 
flats. Satellite imaging provides a powerful tool for measuring large-scale reef 
processes, particularly using spatially extensive (10km x 10km) and temporally 
discrete images to resolve spatiotemporally fluctuating processes (Hamylton et al. 
2013a; Hamylton et al. 2013b). Here we document the interaction between algal 
habitat area and LBF biomass in three seasons, and use a series of ground-referenced 
photographs from different seasons to calibrate and validate the coverage of algal 
habitat. To date, the spatial variation of living LBFs in their natural habitat has only 
been examined across reef zones (Hohenegger 2006; Fujita et al. 2009), but the 
changes in densities of LBFs occupying the same habitat type over time have not 
been documented to our knowledge. In addition, upscaling carbonate storage in 
living LBFs has only been estimated for complete reefs in a few studies (Dawson et al. 
2012; Doo et al. 2012a; Dawson et al. 2014), and only one previous study has used 
living population data for this purpose (Doo et al. 2012a).  
2.1.3 Study Aims 
We investigated reef-scale carbonate storage of five common LBF species (Marginopora 
vertebralis, Baculogypsina sphaerulata, Calcarina sp., Amphistegina lobifera, and Peneroplis 
planatus), for three seasons on One Tree Reef (OTR), in the southern Great Barrier 
Reef. As previous work indicates that different LBF species have maximum densities 
at different times of the year (e.g., Hohenegger 2006), we expected to see differences 
in carbonate storage relating to both species and season. The area of LBF algal 
habitat on the reef flat was combined with in-field and modeled biomass 
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measurements to refine current, reef-scale estimates of LBF carbonate storage at 
OTR. To assess seasonal fluctuations in LBF biomass and determine the location of 
population “hot spots,” field measurements extracted from 50 surficial LBF substrata 
samples for 5 species of LBFs were interpolated across the reef flat.  
2.2    Methods 
2.2.1 Methodology Overview 
Population ecology data were collected for LBF carbonate biomass measurements 
(Fig. 2.1A; Appendix Fig. 2.1), and weight quantification was interpolated across the 
algal reef flat to model spatial variation (Fig. 2.1B-C).  Mapping of LBF specific algal 
habitat from satellite imagery was combined with population ecology data to quantify 
carbonate storage rates over three seasons (Fig. 2.1D-H). Previous work has identified 
that the majority (approximately 97-98%) of the total weight of LBFs are from the 
calcium carbonate test (Prazeres et al. 2015). As such, for the purposes of this study, 
biomass and carbonate storage are considered the same.  
 
Carbonate Storage Model
Population Ecology Habitat Mapping
(D) Paired satellite images per 
      sampling season
(C) Population growth dynamics 
      to estimate carbonate 
      storage rates in zones
(E) Image classification to 
      delineate geographic areas 
      of algal flat
(F) Spatial regression of photo-
      validated algal density 
      against inage reflectance to 
      determine % algal cover per 
      pixel
     
(H) Upscaling of carbonate storage of 
      LBFs on OTR (Eqn.1)
(A) Weight quantification
      (n = 50 algal samples per 
      season)
(B) Kriging interpolation of 
     carbonate storage per season
Assessment of temporal variation 
of LBF populations on OTR
Assessment of spatial variation
of LBF populations on OTR
(G) Quantitative estimate of algal 
    cover across the entire algal 
    reef flat
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Figure 2.1. Carbonate Storage Model of LBFs on OTR schematic outlining 
methodology used. Corresponding letters in the figure are further explained in detail 
in the methods section. 
2.2.2 Site description 
One Tree Reef (OTR) is a coral cay reef located in the southern Great Barrier Reef 
(GBR) in the Capricorn Group (23.51° S, 152.09° E) (Fig. 2.2).  The reef 
surrounding OTR forms a characteristic lagoon, in which a southeast wind forcing 
causes a sediment infill of the lagoon (Davies and West 1981; Fig. 2.2).  
 
 
Figure 2.2. Locations of photographs for ground-referencing along One Tree Reef. 
The three zones are defined in different colors based on morphological features of 
the reef (Davies and West 1981; Harris et al. 2012; Duce et al. 2014). 
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2.2.3 Biomass field measurements of LBF carbonate storage 
Quantitative surveys of LBFs were conducted along the algal reef pavement at One 
Tree Reef, southern Great Barrier Reef (GBR; 23.51 S, 152.09 E) (Fig. 2.2), in 
winter (July 2013), spring (October 2013), and summer (February 2014) during low 
tide. Fifty substrata samples consisting of 7.6 cm diameter surficial algal samples were 
scraped off until bare rock was reached, collected, and frozen at -20°C for storage 
until analysis to preserve symbiont color (Fig. 2.1A). Samples were then dried at 
65°C for at least 4 hours to remove moisture, and then immediately weighed. Sub-
replicates (at least 10% of the total) of the original sample were separated and all 
living LBFs at the time of collection were identified using visual identification of algal 
symbiont coloration of specimens under a dissecting microscope (Hallock 1981). Five 
commonly occurring species of LBF (Marginopora vertebralis, Baculogypsina sphaerulata, 
Calcarina sp., Amphistegina lobifera, and Peneroplis planatus) were separated and the weight 
of each species in the subsample was determined. These data were scaled up to the 
entire surficial algal replicate using the proportional weight of the subsample 
measured (Appendix Fig. 2.1).   
Changes in LBF biomass of individual species over a seasonal scale were analyzed 
using a 1-way ANOVA with season (winter, spring, summer) as the fixed factor, and 
biomass as the response variable (Fig. 2.1C). Total LBF biomass changes were 
analyzed using a one-way ANOVA with season (winter, spring and summer) as the 
fixed factor, and total biomass as the response variable. Data were log-transformed to 
meet assumptions of homogeneity of variance and normality, and in instances where 
the assumptions were not met, analysis proceeded as analysis of variance is robust in 
larger data sets (Underwood 1997).  
To help visualize larger-scale variation, localized point samples of biomass were 
interpolated across the entire reef flat using a kriging model for interpolation of 
spatial data based on the samples collected (Burrough and McDonnell 1998; Fig. 
2.1B). To further resolve the spatial distribution of carbonate storage across the reef 
flat, three zones were identified based on wave forcing and substratum composition 
(Fig. 2.2). The three zones were delineated by geomorphological traits on the reef flat 
with Zone 1 being more coral dominated, while zones 2-3 are algal pavement with 
macroalgal turf (Fig. 2.2). These zones were based on established differences 
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determined from exposure gradients, wave forcing, and substratum composition for 
OTR (Davies and West 1981; Harris et al. 2011; Duce et al. 2014).  
2.2.4 Mapping the LBF Habitat on the Reef Flat 
A two-step approach was employed to map the LBF algal habitat using satellite 
images. Firstly, a standard unsupervised image classification was applied to delineate 
geographic areas of algal versus non-algal cover (Hamylton et al. 2013a; Fig. 2.1D-
E). Secondly, this nominal classification was refined using a spatial regression of algal 
density estimated from ground-referencing photographs against image reflectance 
was used to further identify % cover of algae, on a per-pixel basis across the reef flat 
(Fig. 2.1F). Once these two mapping steps had been undertaken, they were then 
combined by using the map generated from a standard image classification in step 
one to delineate the boundaries of the modeled algal density map comprised of the 
output pixels from the spatial regression generated in step 2. This provided an overall 
quantitative estimate of algal cover across the entire reef flat (Fig. 2.1G).  
2.2.5 Image classification to delineate areas of algal cover 
To extend field data on LBF biomass across the entire OTR flat, World view-2 
satellite 8 band panchromatic images of OTR were acquired within two weeks of 
each field sampling campaign. Acquisition dates were 13 August 2013, 13 October 
2013, and 14 February 2014 (spatial resolution 2 m2; Fig. 2.1D).  Prior to 
classification, the images were corrected for the effects of the atmosphere on light 
transfer using the Fast-Line-of-sight Atmospheric Analysis of Spectral Hypercubes 
(FLAASH) algorithm within the image processing software ENVI 4.5. FLAASH 
derived atmospheric properties, including surface pressure, water vapor column, and 
aerosol and cloud overburdens and incorporated these into a correction matrix that 
inverted “radiance at detector” measurements into “radiance at water surface” values 
(Cooley et al. 2002). At the time of satellite image acquisition, the tidal heights at 
OTR were 1m, 0.61m, and 1.25m for August, October and February, respectively. 
Images were not corrected for the effects of the water column as the reef flat lay in 
shallow (<1m depth) water, and the range between all images was 0.86m (Hamylton 
et al. 2013a).  
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To support the image classification, ~ 300 georeferenced, in-situ photographs of the 
algal substrata were taken approximately 50cm above the substrata in each sampling 
season (Fig. 2.1E, Fig. 2.2). Photographs were taken with a Canon Powershot G15 
camera, with an approximate field of view of 2 m2. Photographs were georeferenced 
with a Garmin GPSMAP 64s (spatial accuracy ± 5m), and were chosen haphazardly 
to encompass the entire algal reef flat area in this study (Fig. 2.2).  An unsupervised 
classification was performed in Erdas Imaging 8.5 to produce a thematic map with a 
total of 7 classes from each of the 3 remote sensing images. Following contextual 
editing, 2 of these classes were interpreted as algal flat habitat based on their spatial 
distribution from a previous study (see Hamylton et al. 2013a) and merged. The 
remaining classes did not correspond to habitat occupied by LBFs and were excluded 
from the analyses. This habitat map was used to delineate the outer boundary of the 
algal extent across the reef flat. 
The accuracy of the image classification was assessed using 377 georeferenced 
photographs across the entire reef so that thematic accuracy could be assessed across 
a range of potential benthic cover types (see Hamylton et al. 2013b; Fig. 2.1E). All 
photographs were viewed by an independent interpreter and assigned a benthic 
cover class. Classes assigned on the map and independently to photographs were 
compared. Overall accuracy of the classified map was expressed as the proportion of 
the 377 photographs for which the classes were assigned the same on the map.  
2.2.6 Spatial regression to determine percent algal coverage across the 
reef flat 
To further refine estimates of LBF habitat extent beyond a simple specification of 
algae vs. non-algae, the percentage of algal cover within each pixel of the satellite 
image was also determined (see above; Fig. 2.1F). Percentage cover of algal 
substratum was estimated into categorical groups of: total algae (including 
filamentous/film algae, turf algae, fleshy algae, calcareous algae), live coral, bare 
limestone, coral rubble, and sediment. A spatial regression was performed comparing 
the percent coverage of the total algae group with reflectance data extracted from the 
corresponding WorldView-2 satellite image. The regression was performed using the 
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spatially lagged autoregressive function in the software GeoDa (version 9.9.8). This 
provided a spatially explicit prediction of the percentage cover of total algae 
(Hamylton 2011; 2013; Appendix Table 2.2). 
The maps produced by the two stages (Fig. 2.1E-F), of image processing were 
multiplied to provide a precise estimation of algal habitat cover for the entire reef flat 
(Fig. 2.1H). Combining the output from the two mapping stages provided a more 
precise estimate of algal habitat area (% cover). The area determined was used to 
calculate carbonate storage (the % algae term in Eqn. 1, Fig. 2.1H). 
2.2.7 Localized differences in carbonate storage  
To upscale estimates of LBF carbonate storage to the reef-scale, the percent algae (% 
algae) was multiplied by the seasonal LBF biomass (Biomass), summed across all of 
the five LBF species measured in this study (E), and across the number of pixels in 
each zone (N). This calculation was performed independently for all 3 seasons 
measured in this study (Eqn. 1).   
 (Biomass x % algae)푁푖!1퐸푖!1  (Eqn. 1) 
2.3    Results 
2.3.1 Biomass field measurements of large benthic foraminifera carbonate 
storage 
Marginopora vertebralis had the highest biomass in winter, with a significant decrease in 
spring and summer (F2,152  = 25.8, p < 0.001; Fig. 2.3; Appendix Table 2.1A). For B. 
sphaerulata, there was a significant increase of biomass in summer compared to spring 
and winter (F2,152 = 3.45, p = 0.034; Fig. 2.3; Appendix Table 2.1B). The biomass of 
Calcarina sp. was highest in the winter and summer samples, and significantly lower in 
the spring sample (F2,152 = 7.26, p = 0.001; Fig. 2.3; Appendix Table 2.1C). There 
was no significant difference in biomass of A. lobifera over the three samples (F2,152 = 
0.40, p = 0.706; Fig. 2.3; Appendix Table 2.1D). The maximum biomass of P. 
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planatus occurred in the winter sample, with lower biomass estimates observed in the 
other two samples (F2,152 = 30.2, p < 0.001; Fig. 2.3; Appendix Table 2.1E).   
Total biomass of the LBFs combined differed in the three seasons with the winter 
sample having a higher biomass than the spring sample, but not greater than the 
summer (F2,152 = 5.37, p < 0.001; Table 2.1; Fig. 2.3, Appendix Table 2.1F).  
2.3.2 Spatial distribution of LBFs in the three seasonal samples 
Images generated using kriged models of total biomass indicate LBFs were greatest in 
the southeast and eastern edges  (Fig. 2.4A-C). Higher densities of M. vertebralis were 
observed in the winter and summer samples, although the southeastern population 
decreased in weight (Fig. 2.4D-F). The highest densities of B. sphaerulata were 
observed in generally the same area of the southeast and eastern edges, with the 
highest densities observed in summer (Fig. 2.4 G-I). For Calcarina sp., only one area of 
higher biomass was observed in the southeastern region of the algal reef flat, and the 
greatest biomass occurred in the winter sample (Fig. 2.4J-L). Biomass measurements 
for A. lobifera were relatively uniform across the eastern and southern reef flats, 
although higher densities were observed in the spring samples in the eastern edge 
(Fig. 2.4M-O). The highest densities of P. planatus was observed in the southeastern 
region of the algal flat during the winter sample (Fig. 2.4P-R). 
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Figure 2.3. Population dynamics of LBFs over seasonal scales averaged across zone. 
Values are Mean ± S. E. bars. Results indicate a significant change in population 
densities of LBFs that are dependent on both species and season.  
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Table 2.1. Seasonal algal flat areas mapped from satellite imagery and ground 
referencing datasets. Values are mean ± S.E.  
 
Winter (July 2013) 
 
Zone 1 Zone 2 Zone 3 
Algal Flat Area (km2) 0.139 ± 5.4 E-5 0.289 ± 6.9 E-5 0.169 ± 4.0 E-5 
LBF Biomass (kg m-2) 0.232 ± 0.044 0.617 ± 0.070 0.515 ± 0.079 
LBF Carbonate Storage (tonnes) 32.2 ± 0.012 178.5 ± 0.043 86.8 ± 0.021 
Whole Algal Flat Storage (tonnes) 
 
282.4 
 Algal Flat Area (km2) 
 
0.596 
 
    
 
Spring (October 2013) 
 
Zone 1 Zone 2 Zone 3 
Algal Flat Area (km2) 0.175 ± 0.8 E-5  0.263 ± 0.8 E-5 0.275 ± 0.8 E-5 
LBF Biomass (kg m-2) 0.078 ± 0.015 0.294 ± 0.034 0.331 ± 0.041.8 
LBF Carbonate Storage (tonnes) 13.6 ± 0.006 77.3 ± 0.003 100.1 ± 0.003 
Whole Algal Flat Storage (tonnes)  
 
272.8 
 Algal Flat Area (km2) 
 
0.712 
 
    
 
Summer (February 2014) 
 
Zone 1 Zone 2 Zone 3 
Algal Flat Area (m2) 0.156 ± 3.9 E-5 0.215 ± 4.3 E-5 0.294 ± 5.3 E-5 
LBF Biomass (kg m-2) 0.080 ± 0.022 0.414 ± 0.056 0.530 ± 0.092 
LBF Carbonate Storage (tonnes) 12.5 ± 0.003 89.2 ± 0.018 155.8 ± 0.028 
Whole Algal Flat Storage (tonnes)  
 
377.6 
 Algal Flat Area (km2) 
 
0.665 
  
2.3.3 Predictive mapping of algal density and carbonate storage 
Our algal density maps based on ground-referenced photographic data with satellite 
images indicate that there was a large change in algal flat area with a difference of 
>10,000 m2 between the winter and spring (Table 2.1). Density of algae modeled 
with the spatial regression by % algae per pixel measurements indicated that the 
winter had the highest density of algae, particularly along zones 1 and 2 (Fig. 2.5A). 
While a lower total area of algae was observed in spring (Fig. 2.5B), the algal cover 
decreased markedly in summer and replaced with bare limestone substrata (Fig. 
2.5C). Calibration and validation correlation values for the spatial regressions were 
all above 0.71 for each of the habitat maps generated (Appendix Table 2.2). The 
overall accuracy of the maps generated calculated by the percentage of photographs 
correctly identified by the predictive algal habitat map was 83%. 
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Overall, LBF habitat as determined by habitat mapping indicated total habitat area 
was lowest in winter, and highest in spring (Table 2.1). These trends were observed in 
zones 1 and 3, where the winter had the lowest algal habitat area, while Zone 2 
maintained a relatively consistent algal flat area, decreasing slightly at the end of 
summer (Table 2.1).  
Patches with high biomass of LBFs were found in the southeastern, and northeastern 
areas of the reef flat using spatial mapping (Fig. 2.5 D-F). Although biomass was 
relatively higher than other areas across all seasons, there were still seasonal 
differences, with the highest carbonate storage exhibited in the summer (Table 2.1). 
In addition, the highest biomass of carbonate storage was slightly more north in the 
summer months (Fig. 2.5F).  
2.4    Discussion 
2.4.1 Reef-scale contribution of large benthic foraminifera to carbonate 
production at One Tree Reef 
Our study utilized coordinated in situ biomass measurements of LBFs, validated 
substrata photography, and parallel satellite imagery to quantify LBF algal habitat on 
reef flats to refine estimates of LBF carbonate storage. Using estimates of yearly 
carbonate production based on the biomass values determined in Hallock (1981) and 
Fujita et al. (2015), we estimate the contribution of LBFs to OTR to be ~3-5% of 
total yearly reef production (Hamylton et al. 2013a). Counter to expectations, as the 
algal flat area decreased in the summer, the biomass of LBFs increased (biomass; 
Table 2.1).  
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Figure 2.4. Interpolated surfaces of spatial carbonate storage, as measured from 50 
in situ surficial algal samples on One Tree Reef. Results indicate spatially patchy 
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areas of high densities of certain species. Total carbonate storage of LBFs (A-C) 
indicate high densities in the southeastern corner, and the eastern edge. Individual 
species of Marginopora vertebralis (D-F), Baculogypsina sphaerulata (G-I), Calcarina sp. (J-L), 
Amphistegina lobifera (M-O), and Peneroplis planatus (P-R), all indicate preferences (patchy 
areas) of habitat. Numbers on the color scales indicate minimum and maximum 
carbonate storage (g m-2). 
2.4.2 Spatial variability of large benthic foraminifera distribution at One 
Tree Reef 
Estimates of LBF carbonate storage in varied habitats show that LBFs occur in 
greater densities in reef flat areas compared with back reef and lagoon habitats 
(Yamano et al. 2000). While our study focused solely on the reef flat of OTR, it also 
highlights that there are also spatial differences within this single habitat type. There 
were patchy areas of high biomass in the southeast and eastern edges of OTR (Fig. 
2.4A-C; Appendix Table 2.3), similar to the magnitude observed between different 
habitat types for LBFs (Fujita et al. 2009). These areas of high biomass lie within 
Zones 2-3, which are ~8 times higher in carbonate storage than Zone 1 (Table 2.1). 
Furthermore, the species documented in this study exhibit varied spatial patterns. 
Marginopora vertebralis were dominant in the southeast and eastern edge, while the 
biomass of B. sphaerulata was higher in more eastward samples. Calcarina sp. also 
exhibited patchy distribution, but only occurred in the southeastern corner, while the 
P. planatus area of high biomass occurred along the eastern edge. In contrast, A. 
lobifera was relatively ubiquitous in distribution in Zones 2 and 3. The high densities 
observed in this study (>1,500 g m-2 observed in some samples) are similar to those 
reported for other productive sites, including Raine Island (Dawson et al. 2014), and 
the Majuro Atoll (Fujita et al. 2009).  
The trends of spatial patchiness may be due to reproductive processes, where asexual 
propagules are released and attach near the parent host (Sen Gupta 2003). In 
addition, the lack of consistent trends of biomass changes over a seasonal scale could 
be due to differences in reproductive life history (Fig. 2.4), which for the LBFs 
included in this study, range from 4 to 18 months (Hohenegger 2006). In addition, 
LBFs have been documented to prefer certain algal substrata habitats (Baccaert 
1987). Longer lived algal species which also host a higher diversity of epiphytic 
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foraminifera, as well as LBFs with a longer life span (Langer 1993). With seasonal 
changes to overall algal habitat of LBFs, further work is needed to assess how specific 
species of macroalgae may influence LBF densities on these dynamic reef flat 
environments.  
2.4.3 Temporal variability in large benthic foraminifera distribution 
The seasonal changes observed in LBF biomass at OTR indicate that the maximum 
biomass occurs at different times for the five LBF species. Marginopora vertebralis, 
Calcarina sp., and P. planatus had maximum biomass in the austral winter, contrary to 
the maximum observed in the boreal summer in Okinawa, Japan (Hohenegger 2006; 
Fujita et al. 2009). While these results seem contradictory, previous studies have 
suggested that in populations with multiple generation times and/or reproductive 
histories, a seasonal trend may not be observed (Hikami et al. 2011; Hosono et al. 
2014). For A. lobifera, biomass was not significantly different across the sampling 
period. For B. sphaerulata, biomass reached a statistically significant maximum at the 
summer sample, as also reported in Tuvalu (Fujita et al. 2015). Further sampling over 
multiple seasons and years may help to elucidate the finer scale temporal population 
dynamics of these species. Our work highlights the importance of multiple time point 
sampling to determine accurate estimates of production of LBFs (Fujita et al. 2015).  
Biomass of LBFs was highest during the winter when algal habitat was lowest (Table 
2.2). This finding may be due to fluctuation of macroalgae. While multi-year trends 
cannot be elucidated from our study, the relationship between carbonate storage and 
algal flat area may indicate a succession effect, with reduced algal habitat coverage 
across available reef flat areas between the winter and spring samples (Borowitzka et 
al. 1978), followed by LBF colonization of these smaller patches of algae, resulting in 
higher local biomass. This highlights a potentially dynamic relationship between 
LBFs and their algal habitat.  
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Figure 2.5. Percent algal cover (a-c) based on a spatial regression of algal density 
against image reflectance to identify percentage cover of algae on a per-pixel basis 
across the previously defined reef flat (see Mapping the LBF Habitat on the Reef Flat 
Methods section; Doo et al. 2012). Only areas that are colored on maps a-c were 
identified by the image classification as algal habitat (white areas were identified as 
other substrata). Carbonate storage data were kriged across the algal reef flat for an 
interpolated carbonate storage measurement (d-f) of One Tree Reef. Units of 
carbonate storage are g m-2. 
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2.4.4 Implications of temporal and spatial variability on sediment 
production 
While high biomass patches of LBFs were observed this study, the persistence of 
these areas is likely to be influenced by physical factors such as wave energy, that 
cause differences in the amount of algal substrata, as reflected in consistently higher 
storage rates in Zones 2 and 3 (Table 2.1). In particular, wave energy is necessary to 
enhance delivery of nutrients needed for algal growth and removal of waste (e.g., 
Hearn et al. 2001). These areas of high biomass may be important for sediment 
dynamics, particularly generation of lagoon sands at OTR (Harris et al. 2011; Vila-
Concejo et al. 2013). For example, LBF populations on the southeast edge of OTR 
directly nourish the southern sand sheet in One Tree Lagoon (Davies and West 
1981), highlighting the importance of identifying “source” populations of living LBF 
populations. Furthermore, diagenesis of LBFs in sediments is not well studied, but 
known to be a vital part of coral reef health (Yamamoto et al. 2012). To fully 
understand the geomorphological role of LBFs in sedimentary dynamics on coral 
reefs, a comprehensive source to sink approach is needed that also incorporates 
export off the reef of biogenic carbonate. 
2.4.5 Advancing carbonate production models using an inter-
disciplinary approach 
The inter-disciplinary approach of combining ecology and remote sensing is a 
valuable tool to develop future methodological frameworks for integrating multi-
season sampling efforts into carbonate production models that incorporate broader 
timescales. For example, temporal datasets of LBF biomass provide valuable insight 
into the population dynamics, but little information into the overall magnitude of the 
population, as habitat is not incorporated. A comparative study on methodological 
techniques of production rates found the common method of using turnover rates 
employed by most studies significantly overestimated yearly carbonate generation 
(Fujita et al. 2015). While these estimates are important, correctly assessing baseline 
production rates is important, especially in light of changing climate (Doo et al. 
2012a). Documenting conditions favorable for LBF growth through field 
measurements of physical data is crucial to understanding why certain areas have 
higher biomass of LBF generated carbonate sands (Fujita and Fujimura 2008). While 
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samples with high biomass were collected in instantaneous samples (>1,500 g m-2 
observed in some samples), averaging across sampling sites may create bias based on 
the number and site of collection (Fujita et al. 2015).  
The height of the water column above the seafloor is known to influence 
interpretation of remotely sensed imagery for mapping benthic communities 
(Andréfouët et al. 2003; Yamano 2007). It is possible that some of the seasonal 
variation in algal habitat mapped may be due to variable tidal conditions at the time 
of image acquisition. However, the variation in water height above the reef flat for 
the August, October and February satellite images would have been minimal as the 
corresponding tidal heights at OTR during these acquisitions were 1m, 0.61m, and 
1.25m, respectively. Nevertheless, this represents a potential limitation to the study 
and we recommend that future comparisons of algal habitat could be improved by 
standardizing image acquisition times to coincide with low tide to ensure that the reef 
flat is not submerged. This will limit any uncertainty in the habitat maps associated 
with the variable penetration of light through a shallow water column. 
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Table 2.2. Biomass (g m-2) estimates of large benthic foraminifera on reef flats worldwide, including this study. Only studies that included 
estimates of species similar to those included in this study were included. In studies that included yearly estimates of LBFs production, the 
turnover rate (T) identified in that study was divided by the production estimate for the biomass (g m-2) presented in this table. Values are mean ± 
S. E.  
Location 
 
Marginopora vertebralis Baculogypsina sphaerulata Calcarina hispida Amphistegina lobifera Peneroplis planatus 
 
% Carbonate Contribution Reference: 
OTR, Australia; 
 July 2013 
305.4 ± 29.7 142.4 ± 19.9 27.7 ± 4.5 17.5 ± 2.1 22.1 ± 3.3  
3.9 
This Study 
October 2013 84.1 ± 7.5 169.5 ± 21.3 6.3 ± 1.2 15.9 ± 1.8 1.7 ± 0.3 4.3 This Study  
February 2014 149.5 ± 22.9 214.6 ± 34.1 24.7 ± 5.7 15.52 ± 1.5 3.69 ± 0.6 5.4 This Study 
        
Majuro Atoll   122.1 ± 61.4 6.2 ± 2.6   Fujita et al. (2009) 
Palau  5.5 17.11 20.8   Hallock (1981) 
Hawaii    16.4   Hallock (1981) 
Hawaii    7.9   Harney et al. (1999) 
Okinawa, Japan 4.12 7.1 22.23 3.4 3.03  Honneger (2006) 
Raine Island, Australia 11.3 ± 9.3 146.1 ± 98.5  1.3 ± 0.7  5.1 Dawson et al. (2014) 
Green Island, Australia  12.9 ± 11.1 26.4 ± 16.5 6.4 ± 8.2   Yamano et al. (2000) 
OTR, Australia 71.7 260    7.6 Doo et al. (2012) 
Elat, Red Sea  157.74      Zohary et al. (1980) 
Okinawa, Japan   2.3 ± 0.5        Sakai and Nishihaira (1981) 
1Denotes Calcarina spengleri 
2Denotes Marginopora kudakajimensis 
3Denotes Calcarina gaudichaudii 
4Denotes Amphisorus hemprichii 
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2.4.6 Study conclusions 
Our study is the first to incorporate both a spatial and temporal component in 
assessing how both LBF carbonate storage and algal habitat fluctuate seasonally. 
These results highlight the need to acquire seasonal estimates of LBF habitat cover. 
Algal flat area increased between the austral winter and spring sample, followed by 
an increase in carbonate storage of most LBFs in the summer, suggesting a pattern of 
re-colonization of algae, followed by LBF immigration. These data highlight the fine-
scale spatial variability of LBF populations, suggesting that an increased focus on 
quantification of LBF habitat can refine our understanding of carbonate storage in 
these organisms.   
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2.5    Appendices 
 
 
Appendix Figure 2.1. Location of substrata sampling for LBF biomass. 50 samples 
were collected at each season in winter (July 2013; green circle), spring (October 
2013; blue triangle), and summer (February 2014; red square).  
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Appendix Table 2.1. ANOVA tables for carbonate density of all five species as 
well as the total carbonate density.  
A. Marginopora vertebralis    
Source df MS F p Tukey HSD 
Season 2 684745.00 25.8 <0.001 Jul>Feb=Oct 
Error 152 26539    
Total 154     
      
B. Baculogypsina sphaerulata    
Source df MS F p Tukey HSD 
Season 2 112068.00 3.45 0.034 Feb>Oct = July 
Error 152 32516    
Total 154     
      
C. Calcarina hispida    
Source df MS F p Tukey HSD 
Season 2 6873.70 7.26 0.001 Jul=Feb>Oct 
Error 152 946.3    
Total 154     
      
D. Amphistegina lobifera    
Source df MS F p Tukey HSD 
Season 2 62.33 0.4 0.706  
Error 152 178.28    
Total 154     
      
E. Peneroplis planatus 
Source df MS F p Tukey HSD 
Season 2 6697.40 30.2 <0.001 Jul > Feb = Oct 
Error 152 221.7    
Total 154     
      
F. Total Carbonate Density    
Source df MS F p Tukey HSD 
Season 2 1.21 5.37 0.006 Jul > Oct, Jul = Feb, Feb = Oct 
Error 152 0.22    
Total 154     
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Appendix Table 2.2. Accuracy metrics of habitat maps. Values represent R2 
values that explain error in the model.  
      Sampling Period Calibration Validation 
   Winter 0.79 0.71 
   Spring 0.81 0.74 
   Summer 0.83 0.79 
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Appendix Table 2.3. Raw data values of density (number per meter squared) and standing stock (grams per meter squared) measurements for 
all samples collected for this study. Data were collected using a 7.6 cm sample of the algal substrata, and scaled to m2 measurements presented.  
   
Amphistegina lobifera Baculogypsina sphaerulata Calcarina sp. Marginopora vertebralis Peneroplis planatus 
Month Zone Sample  
Density (# 
m-2) 
Standing stock 
(g m-2) 
Density (# 
m-2) 
Standing stock (g 
m-2) 
Density (# 
m-2) 
Standing stock 
(g m-2) 
Density (# 
m-2) 
Standing stock 
(g m-2) 
Density (# 
m-2) 
Standing stock 
(g m-2) 
July One 1-1J 9,475 1.79 3,158 1.89 0 14.62 7,369 55.16 13,685 1.58 
July One 1-2J 35,167 15.94 42,200 36.57 4,689 1.88 23,444 101.75 53,922 8.91 
July One 1-3J 33,293 13.87 72,134 51.05 0 14.62 22,195 83.79 11,098 11.10 
July One 1-4J 14,458 12.39 28,916 33.46 0 14.62 39,244 354.23 6,196 4.54 
July One 1-5J 2,790 3.63 16,739 15.34 0 14.62 19,529 77.56 11,160 6.14 
July One 1-6J 16,242 11.91 21,656 13.54 0 14.62 32,484 329.18 43,313 14.62 
July One 1-7J 4,921 4.59 11,483 9.68 9,843 8.04 27,887 278.87 27,887 8.37 
July One 1-8J 3,597 4.68 14,389 13.31 0 14.62 25,181 418.00 25,181 7.55 
July One 1-9J 22,968 13.45 45,936 34.78 13,124 9.84 36,092 31.17 26,249 6.23 
July One 1-10J 23,840 14.90 77,482 57.81 41,721 38.74 29,801 97.15 5,960 1.79 
July Two 2-1J 13,216 6.61 66,079 41.85 70,484 62.11 17,621 309.69 61,673 13.66 
July Two 2-2J 30,506 9.76 115,922 81.76 48,809 25.01 30,506 172.05 18,304 5.49 
July Two 2-3J 12,196 12.20 103,670 59.15 24,393 14.03 24,393 392.12 12,196 10.98 
July Two 2-4J 23,549 24.73 94,195 43.57 223,714 80.07 47,098 773.58 47,098 14.13 
July Two 2-5J 35,024 27.58 157,609 95.00 118,207 56.91 39,402 498.66 13,134 8.76 
July Two 2-6J 30,268 14.27 211,879 104.21 250,796 132.75 51,889 565.16 38,917 8.22 
July Two 2-7J 72,751 73.56 517,339 313.64 282,920 160.05 113,168 731.55 16,167 6.47 
July Two 2-8J 47,270 23.64 478,611 202.67 330,891 112.86 53,179 700.19 59,088 14.18 
July Two 2-9J 15,497 6.97 333,188 164.27 178,217 48.82 61,988 490.48 100,731 26.35 
July Two 2-10J 41,589 25.99 410,691 228.22 114,370 51.47 20,794 159.60 25,993 13.00 
July Two 3-1J 33,066 17.64 99,199 44.75 2,204 4.85 44,089 154.97 81,564 18.96 
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July Two 3-2J 279,828 78.77 663,296 410.41 10,364 8.29 41,456 222.83 321,284 48.71 
July Two 3-3J 2,094 2.09 13,612 14.97 1,047 1.78 0 0.00 2,094 0.42 
July Two 3-4J 81,253 40.31 43,751 20.00 3,125 9.69 50,002 339.07 287,509 68.13 
July Two 3-5J 12,489 11.86 193,585 153.62 43,713 57.45 31,223 212.32 0 0.00 
July Two 3-6J 7,810 4.69 221,294 157.51 59,879 39.57 28,638 311.11 2,603 3.64 
July Two 3-7J 67,943 51.44 776,493 375.63 9,706 28.15 97,062 559.07 194,123 49.50 
July Two 3-8J 27,046 9.27 428,871 209.80 57,956 32.07 34,773 141.80 34,773 6.18 
July Two 3-9J 30,179 14.59 487,893 274.13 30,179 25.65 15,089 57.84 50,298 6.54 
July Two 3-10J 16,120 8.60 940,326 530.34 134,332 108.00 32,240 171.95 5,373 8.06 
July Three 4-1J 16,450 10.62 140,571 80.31 2,991 3.89 89,726 708.99 43,368 10.32 
July Three 4-2J 26,190 12.88 460,504 256.66 26,190 19.42 78,569 579.01 85,117 18.33 
July Three 4-3J 39,506 36.68 459,023 248.89 20,694 25.77 79,012 473.88 54,556 9.41 
July Three 4-4J 51,782 29.53 412,335 190.44 9,589 10.55 105,481 804.92 469,870 83.23 
July Three 4-5J 42,474 28.79 622,958 344.28 28,316 25.25 56,633 386.28 103,826 21.00 
July Three 4-6J 35,066 15.63 150,490 64.29 1,461 3.21 30,682 197.97 575,660 114.69 
July Three 4-7J 44,360 14.97 471,323 211.26 11,090 3.88 55,450 334.92 349,334 59.89 
July Three 4-8J 10,702 6.42 738,436 550.08 0 0.00 85,616 353.16 0 0.00 
July Three 4-9J 12,292 18.44 135,209 103.87 0 0.00 30,729 315.28 0 0.00 
July Three 4-10J 25,788 15.47 61,891 26.82 0 0.00 36,103 286.25 324,929 65.50 
July Three 4-11J 52,334 11.78 85,042 41.21 0 0.00 71,959 215.22 340,169 57.57 
July Three 4-12J 46,197 22.52 92,394 53.70 0 0.00 11,549 126.46 150,141 26.56 
July Three 4-13J 64,454 16.47 100,262 40.10 0 0.00 21,485 175.46 343,755 59.44 
July Three 4-14J 34,495 10.84 49,278 20.70 0 0.00 4,928 22.67 182,329 39.92 
July Three 4-15J 80,814 37.92 248,659 117.49 0 0.00 62,165 303.99 329,474 65.89 
July Three 5-1J 2,051 0.82 49,234 33.44 0 0.00 8,206 18.26 4,103 1.23 
July Three 5-2J 3,353 2.18 154,228 124.39 0 0.00 5,029 39.56 0 0.00 
July Three 5-3J 57,909 30.20 533,587 357.79 8,273 15.30 62,045 768.12 53,772 12.82 
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July Three 5-4J 21,592 18.35 707,129 559.23 0 0.00 80,969 370.84 16,194 2.97 
July Three 5-5J 8,170 6.21 57,188 37.74 0 0.00 3,268 22.55 6,536 1.14 
July Three 5-6J 4,761 0.95 30,949 17.38 0 0.00 7,142 126.42 2,381 0.48 
July Three 5-7J 9,347 6.31 137,873 112.40 0 0.00 18,695 142.78 0 0.00 
July Three 5-8J 42,102 35.09 438,566 327.35 10,526 5.96 28,068 586.63 42,102 11.58 
July Three 5-9J 13,597 5.89 28,705 13.60 0 0.00 15,108 132.34 18,129 3.47 
July Three 5-10J 14,969 8.36 174,641 106.28 12,474 13.85 27,444 148.07 19,959 4.62 
October One 1-1O 16,685 11.26 10,428 10.85 0 0.00 6,257 36.71 0 0.00 
October One 1-2O 2,132 0.32 10,658 12.47 0 0.00 6,395 94.53 0 0.00 
October One 1-3O 9,398 5.45 5,639 7.39 0 0.00 2,506 22.81 0 0.00 
October One 1-4O 2,397 1.08 2,397 2.52 0 0.00 2,397 15.64 0 0.00 
October One 1-5O 5,517 1.34 1,576 1.81 788 0.39 3,152 66.20 0 0.00 
October One 1-6O 21,278 12.45 14,894 13.62 1,064 0.64 6,383 78.51 0 0.00 
October One 1-7O 4,098 2.79 9,016 7.21 820 0.08 7,377 55.57 0 0.00 
October One 1-8O 9,142 7.31 26,411 23.36 7,111 0.41 13,206 139.88 0 0.00 
October One 1-9O 2,170 1.74 3,617 3.54 0 0.00 2,894 21.63 0 0.00 
October One 1-10O 5,259 3.77 27,171 26.73 6,135 3.59 7,888 87.12 0 0.00 
October Two 2-1O 18,666 10.83 109,508 112.74 3,733 3.86 18,666 122.57 0 0.00 
October Two 2-2O 31,651 19.59 33,912 32.41 4,522 6.48 12,058 69.26 1,507 0.45 
October Two 2-3O 6,728 5.64 21,026 17.83 0 0.00 2,523 12.53 841 0.08 
October Two 2-4O 43,765 22.68 175,059 152.18 7,957 3.38 33,818 197.74 9,947 2.79 
October Two 2-5O 13,605 9.35 180,272 138.78 27,211 17.35 23,809 199.66 22,109 4.42 
October Two 2-6O 24,660 11.25 198,821 160.60 33,907 19.42 26,201 175.39 15,412 2.16 
October Two 2-7O 33,936 28.28 423,068 315.83 38,461 21.27 18,099 118.32 0 0.00 
October Two 2-8O 29,367 20.88 163,150 138.19 4,894 4.41 4,894 59.88 0 0.00 
October Two 2-9O 49,634 35.67 338,131 223.66 62,042 53.67 18,613 86.24 21,715 2.17 
October Two 2-10O 20,330 6.86 152,474 120.96 40,660 24.14 12,706 80.05 2,541 0.25 
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October Two 3-1O 10,482 5.33 6,988 5.59 0 0.00 0 0.00 5,241 0.52 
October Two 3-2O 67,866 50.26 166,913 133.71 1,834 1.10 0 0.00 53,192 11.74 
October Two 3-3O 59,826 32.41 407,566 320.94 4,986 6.98 0 0.00 1,246 0.25 
October Two 3-4O 38,248 21.24 343,227 278.91 1,007 0.91 3,020 13.39 6,039 1.81 
October Two 3-5O 28,423 17.27 213,174 199.95 0 0.00 8,746 175.46 2,186 0.22 
October Two 3-6O 6,098 4.27 64,026 57.39 3,811 2.67 2,287 40.93 0 0.00 
October Two 3-7O 4,316 2.05 133,785 124.61 18,342 10.36 12,947 83.08 1,079 1.51 
October Two 3-8O 3,576 2.74 339,684 288.31 14,302 5.84 11,919 99.16 1,192 0.12 
October Two 3-9O 31,659 11.61 406,287 330.13 15,829 6.33 19,347 239.38 1,759 0.35 
October Two 3-10O 32,345 17.33 434,354 299.31 10,397 6.35 16,173 102.58 2,310 0.35 
October Three 4-1O 68,526 47.53 475,307 386.08 8,748 1.17 10,206 76.11 11,664 1.60 
October Three 4-2O 28,290 12.18 221,606 158.42 2,358 2.99 3,929 22.40 3,143 0.31 
October Three 4-3O 33,779 19.50 815,302 601.42 1,535 3.68 15,354 140.64 23,031 5.99 
October Three 4-4O 35,217 21.96 481,646 329.80 0 0.00 12,430 76.75 7,251 2.38 
October Three 4-5O 30,810 18.69 384,104 263.74 0 0.00 2,054 12.32 2,054 1.95 
October Three 4-6O 49,026 30.40 215,713 193.98 11,439 6.05 1,634 13.24 4,903 2.94 
October Three 4-7O 25,886 14.29 19,133 13.62 0 0.00 0 0.00 11,255 3.15 
October Three 4-8O 38,777 19.84 35,355 21.33 0 0.00 0 0.00 23,950 5.93 
October Three 4-9O 23,461 27.18 207,242 148.59 0 0.00 9,776 115.74 17,596 6.26 
October Three 4-10O 17,264 12.78 372,893 129.94 3,453 1.38 16,113 129.94 4,604 0.46 
October Three 5-1O 2,168 1.19 85,619 79.33 0 0.00 19,508 104.26 1,084 0.11 
October Three 5-2O 6,189 4.95 77,359 75.19 0 0.00 3,094 28.31 6,189 0.93 
October Three 5-3O 30,223 12.84 283,339 248.83 3,778 3.40 12,593 111.19 5,037 0.63 
October Three 5-4O 45,838 21.77 578,702 481.49 1,910 3.25 5,730 35.33 1,910 0.19 
October Three 5-5O 42,714 24.92 468,074 395.64 1,780 2.14 8,899 66.56 0 0.00 
October Three 5-6O 65,804 45.90 255,191 164.83 0 0.00 12,840 96.46 0 0.00 
October Three 5-7O 25,882 13.56 263,750 203.97 1,232 2.22 14,790 80.60 0 0.00 
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October Three 5-8O 25,662 6.27 483,295 413.30 0 0.00 4,277 17.39 0 0.00 
October Three 5-9O 61,714 32.28 583,907 490.86 0 0.00 6,330 46.05 3,165 0.32 
October Three 5-10O 34,910 21.94 139,639 114.37 0 0.00 13,299 66.83 21,611 4.82 
February One 1-1F 10,614 8.23 22,714 22.71 0 0.00 0 0.00 68,991 7.96 
February One 1-2F 18,679 11.30 2,298 2.30 0 0.00 7,472 13.54 42,962 7.10 
February One 1-3F 45,885 28.09 19,312 19.31 5,985 29.13 71,820 129.46 3,990 0.14 
February One 1-4F 30,006 25.64 18,472 18.47 15,003 6.92 67,513 75.48 5,626 0.94 
February One 1-5F 8,144 3.71 8,266 8.27 2,036 0.61 18,323 9.20 8,144 4.48 
February One 1-6F 0 0.00 1,936 1.94 0 0.00 0 0.00 0 0.00 
February One 1-7F 12,761 7.87 2,722 2.72 0 0.00 42,537 103.20 0 0.00 
February One 1-8F 0 0.00 951 0.95 2,024 0.67 4,049 11.19 0 0.00 
February One 1-9F 6,717 6.18 29,989 29.99 0 0.00 33,583 53.67 0 0.00 
February One 1-10F 6,183 8.87 102,948 102.95 3,092 0.96 15,458 37.59 3,092 1.02 
February Two 2-1F 28,921 11.94 32,392 32.39 227,237 59.37 66,105 170.92 12,395 0.74 
February Two 2-2F 38,666 24.57 17,370 17.37 71,384 18.38 20,820 9.19 2,974 0.42 
February Two 2-3F 20,268 16.99 54,486 54.49 33,779 4.19 20,268 24.02 0 0.00 
February Two 2-4F 38,050 22.23 113,225 113.22 201,119 48.43 43,485 33.76 10,871 0.76 
February Two 2-5F 24,304 12.64 63,799 63.80 188,358 32.45 85,065 168.91 6,076 0.43 
February Two 2-6F 17,043 13.84 102,086 102.09 293,136 42.03 27,268 44.24 13,634 1.09 
February Two 2-7F 37,018 7.19 70,704 70.70 216,820 28.87 52,883 260.66 0 0.00 
February Two 2-8F 27,019 20.66 170,492 170.49 316,864 61.97 34,388 55.22 2,456 0.66 
February Two 2-9F 0 0.00 158,822 158.82 700,569 130.92 71,649 138.52 11,942 1.75 
February Two 2-10F 12,417 13.53 287,013 287.01 242,127 73.76 49,667 246.29 6,208 1.80 
February Two 3-1F 6,856 6.44 333,528 333.53 829,535 189.97 75,412 255.85 34,278 4.11 
February Two 3-2F 27,529 8.75 347,642 347.64 545,084 124.76 49,553 80.61 55,059 9.53 
February Two 3-3F 24,975 21.73 148,602 148.60 162,338 15.86 37,463 111.51 0 0.00 
February Two 3-4F 11,667 11.14 167,422 167.42 52,502 11.96 35,001 123.96 0 0.00 
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February Two 3-5F 18,983 5.54 219,825 219.83 322,714 121.30 75,933 156.50 30,373 4.56 
February Two 3-6F 0 0.00 211,466 211.47 92,748 72.84 114,152 302.93 21,403 3.71 
February Two 3-7F 10,064 7.95 174,255 174.26 10,064 5.13 30,192 15.20 5,032 0.81 
February Two 3-8F 89,549 23.13 880,937 880.94 37,312 5.30 29,850 17.39 22,387 3.13 
February Two 3-9F 104,827 22.83 833,488 833.49 11,647 1.51 11,647 4.78 0 0.00 
February Two 3-10F 115,221 13.29 435,714 435.71 8,863 2.57 17,726 9.84 44,316 3.55 
February Three 4-1F 70,627 60.39 672,193 672.19 17,657 3.18 70,627 47.85 0 0.00 
February Three 4-2F 13,512 9.12 122,082 122.08 13,512 1.55 67,560 58.03 216,193 18.11 
February Three 4-3F 0 0.00 600,709 600.71 28,438 22.75 47,397 224.76 37,918 4.55 
February Three 4-4F 6,349 5.08 78,026 78.03 0 0.00 38,093 38.35 0 0.00 
February Three 4-5F 1,985 0.56 22,356 22.36 0 0.00 0 0.00 1,985 0.32 
February Three 4-6F 0 0.00 12,184 12.18 0 0.00 1,874 0.92 0 0.00 
February Three 4-7F 11,144 8.78 127,627 127.63 8,358 4.65 33,432 51.71 13,930 1.62 
February Three 4-8F 56,682 46.56 185,106 185.11 16,195 4.53 186,239 187.54 89,071 16.60 
February Three 4-9F 21,457 9.66 65,445 65.44 7,152 0.72 64,372 69.52 35,762 4.43 
February Three 4-10F 29,727 18.31 120,097 120.10 17,836 3.81 83,236 113.91 77,290 6.36 
February Three 5-1F 0 0.00 310,766 310.77 6,514 0.85 91,191 466.18 13,027 1.56 
February Three 5-2F 37,683 15.91 62,177 62.18 4,187 0.50 209,350 582.45 167,480 17.29 
February Three 5-3F 5,905 0.77 427,897 427.90 0 0.00 41,337 55.69 59,053 4.19 
February Three 5-4F 0 17.88 912,325 912.33 17,801 6.76 213,618 656.70 17,801 0.89 
February Three 5-5F 32,501 20.58 246,249 246.25 21,667 8.78 130,004 396.73 0 0.00 
February Three 5-6F 0 0.00 677,128 677.13 14,997 8.25 104,981 315.69 14,997 0.75 
February Three 5-7F 8,360 9.86 314,916 314.92 16,720 3.93 150,477 508.61 83,599 8.86 
February Three 5-8F 50,863 39.67 479,134 479.13 0 0.00 152,590 476.59 12,716 0.64 
February Three 5-9F 12,925 10.08 120,074 120.07 0 0.00 19,388 131.77 32,313 1.23 
February Three 5-10F 18,703 12.90 141,019 141.02 0 0.00 74,811 85.97 31,171 0.62 
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Chapter 3 
 
Thermal and chemical history of large benthic 
foraminifera affects resilience to future climate change 
stressors 
 
Abstract 
Calcifying organisms are predicted to be negatively impacted by projected ocean 
acidification and warming. Recent work highlights instances of resilience, where 
organisms that are adapted to more extreme conditions (eg. intertidal, lagoonal 
environments) can cope with projected near-future ocean conditions. Large benthic 
foraminifera (LBFs) are calcifying organisms that occur in high densities on coral 
reefs as epiphytes on macroalgae. These organisms typically occur in thermally and 
chemically variable intertidal environments in large densities. To characterize the 
thermal and chemical habitat in which LBFs reside, day and night time 
measurements of alkalinity (proxy for calcification) and pH were taken in the isolated 
reef crest tide pools on One Tree Reef, southern Great Barrier Reef during low tide 
when ponding occured. A common LBF Marginopora vertebralis was collected from 
these tide pools and incubated in current and future conditions of ocean acidification 
(ambient pHTotal 8.0, -0.4 pH , and -0.8 pH) and warming (ambient 26°C, +4°C, and 
+8°C) to assess their physiological responses to these stressors over 4 weeks. The 
chemical habitat in which these LBFs were collected ranged between 7.6 – 8.8 
pHTotal and 15°C – 35°C in a day. Marginopora vertebralis exhibited resilience as 
indicated by growth, to warming and acidification in near future scenarios of ocean 
warming (+4°C), and acidification (-0.4 pH units), not at the extreme temperature 
treatment (+8°C), where decreased growth was observed. Increased metabolic stress 
was observed in all pH and temperature treatments. However, growth rates indicated 
a resilience to pH conditions to -0.8 pH units and +4°C from ambient. These 
warming and acidification levels are similar to those experienced in situ, suggesting 
thermal and chemical history of M. vertebralis may influence resilience in projected 
climate change. By characterizing the abiotic forcings that govern their habitat, 
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better predictions can be made of how calcifying organisms may respond to projected 
ocean change.  
3.1    Introduction 
3.1.1 Climate change effects on global oceans 
Global oceans are undergoing pronounced chemical and physical changes due to a 
rise in anthropogenic CO2 in the atmosphere (Caldeira and Wickett 2003; Orr et al. 
2005). A warming of 0.7°C in global oceans has occurred over the past few decades, 
and a further 4°C is expected by the end of the century in “worst-case scenarios 
(RCP 8.5, IPCC 2013).” Labeled the “evil twin” of global warming, ocean 
acidification is a process whereby excess anthropogenic CO2 is absorbed by the 
oceans has already caused a decrease of ca 0.1 pH unit over the last 30 years (IPCC 
2013), with a predicted further decrease of 0.4 pH units by the end of the century 
(IPCC 2013). Concerns of how ocean acidification will affect marine taxa have been 
well documented with recent meta-analyses indicating generally negative, but varied 
responses (Kroeker et al. 2010; 2013; Przeslawski et al. 2015).  
3.1.2 Ecological significance of large benthic foraminifera on coral reefs 
Coral reefs worldwide are particularly vulnerable to the increased pressures of ocean 
warming and acidification (Hoegh-Guldberg 2011). From a geochemical perspective, 
reef carbonate sediments provide a crucial buffering system to protect against diel 
changes in pH caused by photosynthesis and respiration by adding alkalinity into the 
water through dissolution of calcium carbonate (Fujita et al. 2009; Yamamoto et al. 
2012). These sediments are largely composed of coral skeletons eroded by biological 
(eg. fish corallivory, bioeroders), chemical (dissolution) and physical (wave action) 
processes. In localized areas, large benthic foraminifera (LBFs) are also important but 
largely overlooked carbonate producing organism that can occur in high densities 
(Hallock 1981).   
LBFs are calcifying protozoa that form symbioses with various marine micro-algae 
(Lee 2006). Post-mortem, the biogenic calcium carbonate test of LBFs contributes to 
lagoon and beach sediments (Doo et al. 2012a), which are prone to dissolution in 
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acidifying conditions (Yamamoto et al. 2012). Recent studies on the physiological 
responses of LBFs to climate change stressors indicate a general negative effect in 
response to ocean acidification, warming and eutrophication (Fujita et al. 2011; 
Hikami et al. 2011; Reymond et al. 2011; Schmidt et al. 2011; Uthicke and Fabricius 
2012; Uthicke et al. 2012). By far, most studies on the effects of climate change 
stressors on LBFs have investigated ocean acidification (Doo et al. 2014). These 
studies generally document a decrease in calcification rate (Kuroyanagi et al. 2009; 
Glas et al. 2012; McIntyre-Wressnig et al. 2013). However, a few studies report 
increased calcification in certain species, which they attribute to differences in 
carbonate ion (CO2 verses CO32-) preference by the symbiont, or the calcification 
mode by the LBF (Fujita et al. 2011; Hikami et al. 2011).  
3.1.3 Impacts of compounding stressors on large benthic foraminifera 
As the oceans are simultaneously warming and acidifying, it is important to 
document how LBFs will respond to the dual pressures of both stressors. To date, 
only five studies have investigated the potential interactive effects of ocean 
acidification and warming on LBFs (Schmidt et al. 2011; Sinutok et al. 2011; 
Schmidt et al. 2014; Sinutok et al. 2014; Prazeres et al. 2015). These studies all 
document a reduction in LBF health, as evidenced by a decrease in growth, 
photochemical efficiency (Fv/Fm), and crystal size in M. vertebralis (Schmidt et al. 
2014; Sinutok et al. 2014; Prazeres et al. 2015). However, results vary, where Sinutok 
et al. (2011) observed decreased growth in response to warming (+4°C), and 
acidification (-0.3 pH units), while Schmidt et al. (2014a) observed no effect of 
increased temperature and acidification. As thermal and chemical history influences 
physiological resilience in marine organisms (Stillman 2003), it is crucial to document 
not only responses of LBFs to climate change, but to also provide context with 
respect to the conditions experienced in their habitat. 
3.1.4 Aims 
This study characterizes the physiological responses of Marginopora vertebralis collected 
from a thermally and chemically variable intertidal environment to near and extreme 
future warming (+4°C and +8°C) and acidification (-0.4 and -0.8 pH units) scenarios 
in incubations over 4 weeks. The experimental treatments were ground-truthed with 
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respect to the physical and chemical conditions determined for the reef flat habitat in 
which M. vertebralis resides. Previous work on One Tree Reef (OTR) on M. vertebralis 
collected from the same reef flat area showed decreases in growth rate at +6°C 
warming over a 3 week experimental incubation (Doo et al. 2012a). In this context, I 
hypothesized that M. vertebralis from a habitat with a naturally large flux in 
temperature and pH would be resilient to near-future warming and acidification 
scenarios that they commonly experienced in situ. 
3.2    Methodology  
3.2.1 Collection and acclimation 
Marginopora vertebralis were collected by hand during low tide from the intertidal algal 
reef rim at One Tree Reef (OTR), southern Great Barrier Reef (23°30'30"S, 
152°5'30"E) in Feb 2014 (see Chapter 2, Fig.2.2, Zone 2). Samples were transported 
in seawater from OTR over a 1 day period to the National Marine Science Centre 
(NMSC), Coffs Harbor, Australia. During the transportation process, periodic water 
changes (every 2-3 hours) were performed.  
Individual specimens were separated gently using a paintbrush to prevent mechanical 
damage to the test and placed in modified 15mL polypropylene Falcon™ centrifuge 
tubes with 426µm mesh at the bottom and an approximate volume of 5mL to allow 
for water exchange. A total of 3 M. vertebralis were placed in each tube for a single 
replicate. Photosynthetic active radiation (PAR) was measured using a co-sine sensor 
and remained ~50µmol photons m-2 s-1 throughout the experimental incubation. An 
artificial diel light cycle was achieved with12hrs light : 12hrs dark. Foraminifera were 
acclimated in flow-through conditions (50µm filtered seawater collected from open 
ocean adjacent to the NMSC), for 5 days prior to the initiation of the experiments. 
3.2.2 Experimental conditions 
Samples were placed in individual plastic culturing tube in flow through aquaria with 
3 pHTotal (8.0 ambient, 7.6, and 7.2) and 3 temperatures (26°C ambient, 30°C, and 
34°C) treatments to quantify the responses to future ocean acidification and warming 
conditions (IPCC 2013). A total of 3 M. vertebralis were haphazardly separated and 
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placed in to an individual tube with 10 replicates (tubes) per treatment group (total 90 
replicates total). pHTotal measurements were made using an automated 
spectrophotometer following previous standard operating procedures (DOE 1994), 
and remained relatively stable throughout the 4 week incubation with ambient 
pHTotal values of 7.88 ±0.03, n = 50, medium pHTotal of 7.66 ±0.01, n = 50 and 
extreme pHTotal of 7.272 ± 0.04, n = 50. Temperature was monitored using a 
HOBO Pendent Logger and total alkalinity samples were collected and measured 
every other day using a Metrohm Titrando potentiometric titrator over the 4-week 
experiment and was stable (2313.99 ± 13.40 µmol kg-1, n = 18). 
3.2.3 Growth measurements 
Radial growth in M. vertebralis was used as a proxy for calcification following Zohary 
et al. (1980), as this study has shown these two variables are correlated. Photographs 
were taken with a Canon G15 camera at the begging and termination of the 4-week 
study, and the maximum radius was measured using the image analysis software 
ImageJ (National Institute of Health, Bethesda, MD, USA).  
3.2.4 Photochemical efficiency measurements 
Maximum photochemical efficiency (Fv/Fm) was measured at the termination of the 
4-week experimental period using a Walz Diving-Pulse Amplitude Modulation 
(PAM) device with the 3mm diameter light cable. Within each replicate a 
haphazardly chosen M. vertebralis was selected and Fv/Fm measurements taken. All 
specimens were measured in dark conditions (>10hrs dark before measurement) just 
before lights were turned on for the normal daily cycle.  
3.2.5 Respirometry measurements 
Oxygen flux measurements were made with a PreSens Oxy-4 micro syringe optical 
sensor. Specimens were placed in 20mL glass scintillation vials with a magnetic stir 
bar for flow within the chamber. The chamber was sealed with a plastic lid with and 
a septum rubber in which the syringe cannula pierced to measure oxygen flux. To 
measure oxygen production rates (proxy for photosynthesis), specimens were 
acclimated to light conditions of ~50µmol photons m-2 s-1, similar to those in 
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experimental treatments for at least 15min. Subsequently, oxygen flux measurements 
were recorded for at least 30min. Subsequently, specimens were allowed to acclimate 
to complete darkness for at least 5 min, and oxygen flux was measured for an 
addition 30min to obtain respiration rates. All analyses were performed using 
standard protocols for LBFs outlined in Uthicke et al. (2013). 
3.2.6 Statistical analyses 
Data were analyzed using a 2-way ANOVA with temperature and pH as fixed 
factors (3 levels each). Measurements of Fv/Fm, growth and respirometry were taken 
within each replicate incubation tube. Fv/Fm data for M. vertebralis were taken for 
each individual, and nested within the incubation tube as a pseudo-replicate. All 
analyses were performed in JMP v.11, Cary, NC, USA.  
3.2.7 Environmental monitoring of tide pools 
To characterize the in situ conditions that are experienced by M. vertebralis, pH and 
total alkalinity were monitored over 2 spring low tide ponding periods during the day 
(July 2013, Oct 2014), and one at night (April 2014). The start of sampling occurred 
when the selected tide pools ponded from the receding tide, and were collected at the 
same tide pool every 30 minutes until the input of oceanic seawater was evident from 
the rising tide. Samples were immediately filtered with a 0.22 µm filter, and stored in 
glass borosilicate jars in the dark until pH measurement. Samples for pH and total 
alkalinity samples were immediately poisoned with mercuric chloric (~0.05% 
saturated HgCl2 relative to the total volume of sample collected), and kept in a dark 
environment until analysis. Measurements of pH were conducted immediately 
(within 12 hours; as protocol above). Total alkalinity was measured as described 
above.  
To measure the calcification rate of each tide pool, total alkalinity data collected 
from environmental monitoring were converted into calcification rate measurements 
using standard alkalinity anomaly methods from Kinsey (1978).  
To calculate net community calcification rate, the following equation was used to 
measure Gnet (mmol h-1). 
  
75 
 퐺푛푒푡 = −0.5 ∆퐴푇∆푡  (Eqn. 1) 
 
where ∆퐴푇 is the change in total alkalinity (µmol kg-1) normalized to 35 PSU to 
account for evaporation effects, and ∆푡 the time between samples (h -1; Eqn. 1).   
3.3    Results 
3.3.1 Physiological responses of Marginopora vertebralis to ocean 
acidification and warming 
Radial extension per day (growth) indicated that M. vertebralis were resilient to 
temperatures of +4°C across all pH treatments, but a decrease in growth at the 
extreme temperature treatment +8°C was observed (F2, 81 = 29.05, p < 0.001, Table 
3.1A, Fig. 3.1). In addition, there was a negative response of M. vertebralis to 
acidification with the ambient pH groups across all temperatures exhibiting the 
highest growth, and pH 7.2 exhibiting the lowest (F2,81 = 3.32, p = 0.041; Table 
3.1A, Fig. 3.1A). Although there was no interaction between temperature and pH on 
growth (F4,81 = 0.14, p = 0.968; Table 3.1A), temperature had a more pronounced 
effect, as the extreme +8°C group exhibited severe dissolution across all pH 
treatments (Fig. 3.1A). Photochemical efficiency (Fv/Fm) decreased significantly in 
the extreme +8°C group but not across pH treatments (F2,81 = 17.67, p < 0.001; 
Table 3.1B, Fig. 3.1B). There was no interaction between temperature and pH for 
growth on Fv/Fm of M. vertebralis (F4,81 = 1.39, p =0.224; Table 3.1B). 
Oxygen evolution increased significantly in the higher temperature treatments of 
both +4°C and +8°C (F2,27 = 4.13, p = 0.027; Table 3.1C, Fig. 3.1C).  In addition, 
acidification caused a decrease in oxygen production in the extreme -0.8 pH group 
compared to ambient (F2,27 = 6.29, p = 0.006 Table 3.1C, Fig. 3.1C). There was no 
interaction effect of temperature and acidification on production (F4,27 = 1.91, p 
=0.138; Table 3.1C). Respiration rates increased in the extreme +8°C treatment 
across all pH levels (F2,27 = 6.10, p = 0.007; Table 3.1D, Fig. 3.1D), but were not 
affected by pH (F2,27 = 1.78, p = 0.188; Table 3.1D), or the interaction between pH 
and temperature (F4,27 = 1.09, p = 0.381; Table 3.
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difference between production and respiration, decreased significantly in the extreme 
-0.8 pH treatment group (F2,27 = 5.02, p = 0.014; Table 3.1E, Fig. 3.1E), but was not 
affected by temperature (F2,27 = 0.74, p = 0.488; Table 3.1E),  or the interaction 
between pH and temperature (F4,27 = 2.11, p = 0.107; Table 3.1E). 
 
3.3.2 Contextual habitat thermal and chemical monitoring 
 The habitat at OTR during spring tides ponds for up to 6-7 hours at low tide during 
which the tide pools experience large fluxes in thermal and chemical conditions. 
During the daytime, pH increased up to pHTotal 8.8 (Fig. 3.2A-B), and at night 
decreased to lower than 7.6 pHTotal units (Fig. 3.2C-D). The rate of calcification also 
increased with increased pH during the daytime (Fig. 3.2A-B), with total alkalinity in 
the water reaching as low as ~1400µmol kg-1. In addition, a net dissolution effect was 
observed during night-time low tide ponding with alkalinity increasing to > 2900 
µmol kg-1. Ponding of the tide pools lead to temperature fluxes of >15°C on certain 
days, and ranged from 13°C at night to 35°C during the day on a seasonal scale (Fig. 
3.3). 
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Figure 3.1. Physiological responses of M. vertebralis to ocean warming and 
acidification incubation after 4 weeks. (A) Growth rates were determined at the end 
of the experiment based on radial growth per day. (B) Maximum photochemical 
efficiency (Fv/Fm) were determined after dark acclimation conditions. Oxygen flux 
measurements were taken during (C) light conditions as a proxy for photosynthesis, 
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and (D) in the dark to measure respiration. (E) Net production was determined by 
the difference between light and dark measurements of oxygen flux. All results are 
expressed as mean ± S.E., n = 10. Letters indicate results of Tukey HSD posthoc 
tests.  
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Table 3.1. ANOVA table for parameters measured using a two way ANOVA with temperature and pH as fixed factors.  
Factor   MS df F-value p-value Tukey HSD     
 A. Growth 
             Temperature 0.002 2 29.05 <0.001 26°C = 30°C >34°C 
       pH 
 
0.001 2 3.32 0.041 pH 8.0 > pH 7.2, pH 8.0 = pH 7.6, pH 7.6 = pH 7.2 
     Temperature x pH 1.04 E-05 4 0.14 0.968 
         Residual  
 
7.7 E-05 81 
           Total  
  
89 
      B. Maximum Photochemical Efficiency (Fv/Fm) 
     Temperature 0.056 2 17.67 <0.001 26°C = 30°C >34°C 
       pH 0.005 2 1.53 0.2232 
         Temperature x pH 0.004 4 1.39 0.2441 
         Residual  0.003 81 
           Total  
 
89 
      C. Production 
             Temperature 0.015 2 4.13 0.027 26°C < 30°C =34°C 
       pH 
 
0.023 2 6.29 0.006 pH 8.0 > pH 7.2, pH 8.0 = pH 7.6, pH 7.6 = pH 7.2 
     Temperature x pH 0.014 4 1.91 0.138 
         Residual  
 
0.002 27 
           Total  
  
35 
      D. Respiration 
             Temperature 0.022 2 6.10 0.007 26°C < 34°C, 26°C = 30°C, 30°C = 34°C 
      pH 
 
0.006 2 1.78 0.188 
         Temperature x pH 0.004 4 1.09 0.381 
         Residual  
 
0.004 27 
           Total  
  
35 
      E. Net Production 
             Temperature 0.004 2 0.74 0.488 
       pH 
 
0.025 2 5.02 0.014 pH 8.0 > pH 7.2, pH 8.0 = pH 7.6, pH 7.6 = pH 7.2 
     Temperature x pH 0.011 4 2.11 0.107 
         Residual  
 
0.003 27 
           Total  
  
35 
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3.4    Discussion  
3.4.1 Increased physiological resilience of Marginopora vertebralis  
Marginopora vertebralis exhibited physiological resilience to a 4°C increase in 
temperature above ambient, contrary to previous studies that document decreases in 
calcification and growth at +2°C (Sinutok et al. 2011; Schmidt et al. 2014; Sinutok et 
al. 2014). This physiological resilience was also exhibited in a 21 day incubation of 
M. vertebralis collected from OTR in the same reef environment, and found growth 
rates unchanged up to +6°C, but dissolution at +8°C (Doo et al. 2012a). Contrary to 
previous studies where M. vertebralis were collected from subtidal habitats, specimens 
used in this study were collected from the intertidal and experienced large fluxes in 
thermal and chemical conditions (Sinutok et al. 2011; Schmidt et al. 2014; Table 3.2; 
Sinutok et al. 2014). The difference in physiological responses observed between 
previous studies and ours may be due to the habitat-environment related factors in 
which the specimens were collected, although we did not specifically test for this 
effect in our model.  
The concept of environmental history affecting an organisms’ ability to adapt to 
stress has previously been explored.  For example, temperate rhodoliths subjected to 
short-term thermal stress (12 day period), exhibited a reduced ability to adapt to 
elevated pCO2 conditions (Noisette et al. 2013). The current study documents the 
opposite effect, where the response of M. vertebralis from the intertidal indicates that 
living in a heterogeneous environment (thermal and chemical fluxes of up to ~8°C 
and ~1.5 pH units daily), increases tolerance to abiotic stressors of temperature and 
acidification. This observation in our study is supported by a growing body of 
literature that shows the potential for calcifying organisms (e.g. corals and crabs) to 
increase their resilience to climate change based on larger thermal and chemical flux 
history (Stillman 2003; Palumbi et al. 2014). From an evolutionary standpoint, a 
recent review highlights the fact that organisms from naturally fluctuating 
environments tend to exhibit a higher degree of phenotypic plasticity (Boyd et al. 
2016). This suggests that the M. vertebralis in this study may be adapted to more 
extreme conditions than specimens used in other studies. 
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Figure 3.2. pH determined from spectrophotometric analyses and calcification rates 
determined from alkalinity anomaly methods for daytime (A) Tide Pool A located on 
the southern reef ridge of One Tree Island, and (B) Tide Pool B located near Two 
Tree Island. Night measurements of (C) Tide Pool A and (D) Tide Pool B were 
taken near Two Tree Island. All tide pools contained abundant quantities of 
Marginopora vertebralis. 
 
 
 
 
A B 
C D 
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Figure 3.3. Daily temperature variation of tide pools at One Tree Reef algal flat. 
Extremes are seen in tidal cycles, where a spring tide causes increased flux in daytime 
maximum temperatures, and night-time minimum temperatures that correspond to 
spring low tides.  
3.4.2 The role of symbiont stress in adaptive capacity 
Maximum photochemical efficiency (Fv/Fm) decreased slightly in the +8°C 
incubation, corresponding in the decrease in growth observed at this same treatment. 
This is expected, as symbiont-bearing large benthic foraminifera rely heavily on their 
microalgal endosymbionts for their high rates of calcification (Lee 2006). A recent 
study on the intertidal LBF species Amphistegina lobifera and Pararotalia calcariformata in 
the Red Sea found these two species were resilient to temperatures up to 32°C and 
36°C respectively over a 3 week incubation (Schmidt et al. 2016). For P. calcariformata, 
the authors attributed this increased resilience to the presence of Minutocellus 
polymorphus, a diatom endosymbiont which produces superoxide dismutase (SOD) in 
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high quantities in P. calcariformata providing anti-oxidant protection, but not present 
A. lobifera (Sigaud-Kutner et al. 2002). In similar species of diatom-bearing LBFs 
collected from chemically dynamic algal reef flats, increased growth is observed in 
mild ocean acidification conditions, and also attributed to symbiont type (Fujita et al. 
2011; Hikami et al. 2011). While M. vertebralis host dinoflagellate Symbiodinium sp. 
microalgal endosymbionts (Lee 2006), free-living cultures of Symbiodinium sp. exhibit 
thermal plasticity (Krueger et al. 2014), potentially indicating certain clades could 
increase resilience of the host LBF to abiotic stressor of warming and acidification 
(Momigliano and Uthicke 2013). 
Phenotypic plasticity of the Fv/Fm response in LBF endosymbionts varies across a 
spatial and temporal scale in LBFs along the GBR (Ziegler and Uthicke 2011), 
indicating the potential to rapidly adapt to changing environmental conditions (a site 
specific response). This has been documented on both a physiological and molecular 
level in corals, in which corals with Symbiodinium of the same clade exhibit regionally-
adapted differences in tolerance to heat stress, determining holobiont health (Howells 
et al. 2012). In LBFs, tolerance of the diatom symbiont of Baculogypsina sphaerulata 
appears to reflect the maximum temperatures normally experienced in situ, with the 
rate-limiting photosynthesis protein RuBisCO degrading at the highest temperatures 
(Doo et al. 2012b).  
Photosynthesis of M. vertebralis increased in response to warming and acidification as 
previously found (e.g., Uthicke et al. 2012). There was also an increase in respiration 
at the +4°C treatment group, resulting in no significant effects of temperature on net 
production. Interestingly, many of the LBFs species from intertidal conditions exhibit 
optimal photosynthesis rates higher than the average mean temperature (Fujita et al. 
2014), suggesting a mechanism for responding to normally experienced stressors. 
These previous studies, which encompass corals and LBFs, show a parabolic (non-
linear) response of photosynthesis to stressors of acidification and warming (Castillo et 
al. 2014; Fujita et al. 2014), and have been interpreted as compensation mechanisms 
for calcifiers to resist normally experienced stress (Fujita et al. 2014). However, the 
production rates observed in M. vertebralis varies significantly between studies, with 
some studies indicating an increase of production up to +2°C above ambient and no 
effect of pH (Sinutok et al. 2011), while others suggest a significant increase in 
photosynthesis at -0.7 pH units below ambient (Uthicke and Fabricius 2012). These 
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site-specific compensatory responses observed for corals as increased production and 
respiration responses in stress conditions have shed light into the mechanisms behind 
resilient populations of corals identified in intertidal conditions in the Red Sea (Fine 
et al. 2013), and America Samoa (Palumbi et al. 2014), and offer clues as to why 
LBFs exhibit localized phenotypic plasticity. 
3.4.3 Implications of tide-induced chemical and temperature fluxes on 
calcifying organisms  
The rate of calcification in the tide pools at OTR increased during day-time ponding 
as pH increased due to algal photosynthesis. The calcifying organisms that are 
commonly found in the intertidal reef flat tide pools at OTR generally produce high-
magnesium tests and skeletons (eg. crustose coralline algae and LBFs such as M. 
vertebralis; Raja et al. 2005). Inorganically, this increase in pH leads to an increase in 
CO32- availability and saturation state, facilitating higher calcification rates (Zeebe 
2012; Albright et al. 2016). However, it is also important to consider that in reef flats, 
phytal substrata may create microhabitats, which changes thermal and chemical 
dynamics (eg. diffusive boundary layers), to provide increased resilience (Hurd et al. 
2011; Cornwall et al. 2013). While increasing calcification rates of M. vertebralis 
during the day were observed in this study, and in response to stressors of 
acidification (Uthicke and Fabricius 2012), a decoupling between the parameters of 
calcification rate and growth (radial extension and weight gained) has also been 
observed (Uthicke and Fabricius 2012; Schmidt et al. 2014). This suggests that 
although calcification during the day increases, dissolution increases at night also 
increases. 
The night-time pH decreased to 7.6 pHTotal units in the two tide pools, while total 
alkalinity increased to >2900 µmol kg-1. This effect is likely due to metabolic effects of 
respiratory CO2 accumulation, but was buffered by dissolution of calcium carbonate 
shells and tests of LBFs and CCAs (Yamamoto et al. 2012), resulting in increased 
alkalinity of the tide pool. Previous studies on LBFs have shown that in normal flow 
environments, these organisms are able to calcify in dark conditions (Glas et al. 
2012). Laboratory experiments support this, as lack of water flow suppresses 
calcification of LBFs due to the decrease in availability of Ca2+ and CO32- near the 
site of calcification (Glas et al. 2012). This increase in alkalinity at night in the tide 
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pools offers an inorganic buffering mechanism in which saturation state of the 
seawater increases while pH is low (Zeebe 2012). While this buffering mechanism 
suggests that the persistence of LBFs is likely under projected climate change 
scenarios, holobiont health may be impacted, resulting in decreased growth rates and 
therefore reduced carbon sequestration on the reef-scale.  
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Table 3.2. Review of current studies on effect of ocean acidification and warming on soritids with collection depth. A. Acidification 
experiments tend to indicate that shallower areas with more chemically dynamic environments (shallower collection depth) have 
greater resilience, while B. Thermally dynamic environments exhibit more tolerance to warming conditions.  
A. Acidification Holobiont Tipping Point Symbiont Tipping Point 
  
Species 
Parameter 
Measured Significant Effects Parameter Measured Significant Effects 
Collection 
Depth Reference 
Marginopora rossi Growth -0.2 below ambient Photosynthesis Decrease at -0.2 25m Reymond et al. (2012) 
Amphisorus kudakajimensis Test Weight    -0.3 below ambient               Not Specified    Hikami et al. (2011) 
Marginopora vertebralis1 Calcification Greater than -0.6 below 
ambient 
Photosynthesis Greater up to -0.7 pH 
units 
0-3m (intertidal) Uthicke and Fabricius 
(2012) 
Amphisorus hemprichii Growth -0.4 below ambient   Reef Moat 
(subtidal) 
Fujita et al. (2011) 
Marginopora kudakajimensis Growth -0.5 below ambient   0.5m Low tide 
(subtidal) 
Kuroyanagi et al. (2009) 
Marginopora vertebralis Growth Greater than -0.6 below 
ambient 
Fv/Fm, Chlorophyll, 
Photosynthesis 
Greater up to -0.6 pH 
units 
0.5-1.5. 
(intertidal?) 
Vogel et al. (2012) 
Marginopora vertebralis2 Calcification -0.2 below ambient Chlorophyll Decrease at -0.2 0.3m low tide  Sinutok et al. (2011) 
Marginopora vertebralis3 Growth Greater than -0.2 below 
ambient 
Fv/Fm, Chlorophyll, 
Photosynthesis 
Greater up to -0.2pH 
units 
0-1m low tide Schmidt et al. (2014) 
Marginopora vertebralis Growth -0.8 below ambient Fv/Fm, Photosynthesis Greater up to -0.8pH 
units 
intertidal This Study 
       
       B. Warming Holobiont Tipping Point Symbiont Tipping Point     
Species 
Parameter 
Measured Significant Effects Parameter Measured Significant Effects 
Collection 
Depth Reference 
Marginopora vertebralis4 Growth +6°C   5m (subtidal) Reymond et al. (2011) 
Marginopora vertebralis Growth +5°C Photosynthesis, 
Chlorophyll 
Greater up to +5°C 3-5m (subtidal) Uthicke et al. (2011) 
Marginopora vertebralis2 Calcification +4°C Chlorophyll Decrease at +6°C 0.3 low tide Sinutok et al. (2011) 
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Marginopora vertebralis Growth Greater than +3°C Fv/Fm, Chlorophyll, 
Photosynthesis 
Greater up to +3°C  0.1m low tide Schmidt et al. (2014) 
Marginopora vertebralis Growth  +6°C   Intertidal Doo et al. (2012) 
Marginopora vertebralis Growth +8°C Fv/Fm, Photosynthesis Greater up to +8°C Intertidal This study 
 
1 M. vertebralis from this study were collected from CO2 seeps that experience a large flux of pH (ambient to 7.2) at the site. 
2 Organisms in this study had very low chlorophyll and Fv/Fm levels in controls, indicating the potential that these organisms were not healthy at the start of the experiment.  
3 The most extreme treatment group in this study was -0.2pH units, and M. vertebralis from this study are likely resilient to lower pH conditions.  
4The +6°C above ambient treatment was the only elevated temperature treatment in this study, and M. vertebralis are likely to be impacted at lower elevated temperatures.  
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3.4.4 The importance of incorporating thermal history in projects of 
organismal responses to changing climate  
Understanding the underlying physiological responses to climate change stressors in 
LBFs is crucial to assessing the potential resiliency of this important carbonate 
producing taxon. While growth rates in M. vertebralis were maintained across 
temperatures of +4°C and -0.4pH units, photosynthesis increased at higher 
temperatures, and overall net production reduced, indicating a metabolic cost that 
decreased holobiont health. With projected sea level rise, these source populations of 
resilient LBFs could be compromised if habitat drowning occurs. In this scenario, 
their habitat would potentially disappear and become less thermally and chemically 
variable due to increased mean sea surface height (Hamylton et al. 2014).  
Although this study found a resilient population of M. vertebralis warming and 
acidification in a 4-week incubation, further work is needed to assess longer-term 
impacts on the potential for persistence in this species. To date, no studies have 
investigated the potential for multi-generational adaptation in LBFs in response to 
climate change. This is largely due to the difficulty in achieving reproduction of LBFs 
in laboratory conditions, and has only been achieved in a handful of studies that 
collect adult LBFs and subsequent asexual propagules (e.g. Fujita et al. 2011). 
However, this study when compared to previously published literature indicates a 
significant degree of phenotypic plasticity in populations of M. vertebralis, as seen in 
varied responses to similar conditions of warming and acidification stress (Doo et al. 
2014). While these results indicate a potential population of climate change resistant 
LBFs at OTR, ultimately, it is also important to assess not only physiological 
responses, but how changes in their holobiont health impacts their role in ecosystem 
processes (eg. reef-scale carbonate production).   
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Chapter 4 
 
Shifting paradigm of epiphytic symbioses: Epiphytes 
ameliorate climate change effects1 
 
4.1    Ecological resistance theory in changing marine climates 
Ecological resistance theory suggests that ecosystems are in homeostasis and tend to 
remain stable except for when a large stressor is applied to the system (May 1972). 
Within this theory, compensatory mechanisms have been shown in which organisms 
can adjust their physiology, but with potential tradeoffs (e.g., increased metabolic 
costs, slower growth; Connell and Ghedini 2015; Nagelkerken et al. 2015). Although 
biological buffering between organisms has the potential to ameliorate the negative 
effects of climate change such as ocean warming and acidification (Connell and 
Ghedini 2015), most studies have not investigated the potential for interactions 
between organisms to biologically buffer against stress (Poloczanska et al. 2013). A 
current paradigm exists that marine epiphytes in symbiosis with a macroalgal host 
benefit through shelter and shared resources. In this study, we address the ecological 
resistance theory with a focus on the calcareous macroalgae Halimeda tuna, and it’s 
epiphyte, the large benthic foraminifera (LBF), Marginopora vertebralis.  
4.2    Epiphytic interactions in marine systems 
In reef environments worldwide, organisms live in mutualistic symbioses with algae 
as both epiphytes and epibionts, using the algae as structure for refuge (Harlin 1975). 
In tropical environments, organisms such as molluscs and foraminifera utilize algal 
substrata as habitat, and often occur in large densities (Langer 1993). In particular, 
LBFs, single-celled calcifying organisms, commonly live as epiphytes on tropical 
marine algae in high wave-energy environments (Doo et al. 2012a). In coral reef flat 
                                                
1 This chapter was prepared for publication in the journal format for Nature Climate Change 
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environments, calcareous algae such as Halimeda sp. are typically associated with 
epiphytes, one of which is the LBF, M. vertebralis (Jell et al. 1965). Although the 
individual responses of Halimeda sp. and M. vertebralis to climate change stressors have 
been documented (Schmidt et al. 2014; Campbell et al. 2015), the potential for 
biological amelioration of environmental stress in symbiotic associations between 
these two organisms in the face of marine climate change stressors is unknown. 
4.3    Carbonate production of Halimeda and large benthic 
foraminifera 
Although most carbonate production on coral reefs is by corals (650-830 Tg CaCO3 
yr-1; Vecsei 2004), other calcifying organisms also produce biogenic calcium 
carbonate and play an important role in the inorganic buffering of diel pH cycles 
(Yamamoto et al. 2012). These organisms include calcareous algae such as Halimeda 
(Payri 1988) and LBFs (Yamano et al. 2000; Fujita et al. 2009). Variable effects of 
increased temperature and pCO2 have been observed with some studies documenting 
increased calcification rate of Halimeda in mild warming conditions (+3°C; Campbell 
and Fourqurean 2014), while others indicating negative effects of both stressors 
(Sinutok et al. 2011; Sinutok et al. 2012; Johnson et al. 2014; Vogel et al. 2015). 
Negative effects on LBF physiology in response to warming and acidification have 
been observed (Doo et al. 2014b). However, some LBF species increased calcification 
in response to mild acidification scenarios (Fujita et al. 2011; Hikami et al. 2011), 
suggesting species-specific responses to climate change. 
In this study, the potential for epiphytes to play an important role in the health of 
calcifying macroalgae in a warming and acidifying ocean was investigated. The 
experiment focused on the association between H. tuna and M. vertebralis which is 
commonly found on tropical coral reefs. We exposed this association to projected 
climate change scenarios of ocean warming (ambient 26°C and 29°C), and 
acidification (ambient pH 8.0 and 7.7 pHTotal units). We applied a realistic 
community level approach by incubating H. tuna with an epiphyte, M. vertebralis in 
flow-through conditions to compare with single species experiments (see Chapter 3), 
in determining climate change impacts on marine calcifying organisms. Halimeda tuna 
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was also incubated individually in all pH and temperature treatments to provide a 
comparison to treatments involving both species. 
 
Figure 4.1.  Boxplots of percent bleaching rate of H. tuna with (With Association) 
and without (No Association) the epiphyte M. vertebralis. Halimeda tuna were exposed to 
ambient (Ambient Temp; 26°C) and elevated temperatures (+3°C) in addition to 
ambient (ambient pH; green) and low (-0.3pH; blue) pH treatments in a fully 
orthogonal design. Three experiments conducted over Feb-Apr 2015 were used to 
assess the effect of bleaching of H. tuna. All results are expressed as mean ± S.E., n = 
3. 
4.4    Effect of epiphytes on bleaching in Halimeda 
Increased (34%) bleaching of H. tuna incubated at elevated temperature in isolation 
was observed across three experiments, but these effects were ameliorated in the 
presence of the M. vertebralis epiphyte (F1,16 = 7.85, p = 0.013; Fig. 4.1). There was no 
effect of pH on the survival (bleaching) of H. tuna (F1,16 = 0.54, p = 0.472; Fig. 4.1). 
This indicates a shift in the paradigm of mutualistic symbiosis between H. tuna and 
M. vertebralis in a changing ocean. The mechanism behind this paradigm shift where 
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the host, but not the epiphyte, benefits may be due to chemical defenses produced by 
the host algae (Paul and Van Alstyne 1988), providing potential refugia for epiphytes 
in current conditions, but this may shift in future conditions (Pettit et al. 2015).  
Alternatively, this may also be due to the large DBL produced by M. vertebralis (Glas 
et al. 2012), providing the host an elevated pH condition during the day, facilitating 
photosynthesis. However, this fails to account for the potential negative effects of 
lowered pH at night caused by respiration of M. vertebralis. While previous studies 
have shown positive effects of epiphytes on their basiphyte host (Hepburn et al. 
2005), this study is the first (to my knowledge) to show the beneficial contribution of 
epiphytic symbioses to enhance the survival of the host in the face of climate change 
stress, and shows the potential for epiphytes to play an important role in the 
persistence of calcifying algae in a changing climate.   
 
 
Figure 4.2. Boxplots of growth (w.w. change in grams per day) of H. tuna with (With 
association) and without (No Association) the epiphyte M. vertebralis. Halimeda tuna 
were exposed to ambient (Ambient Temp) and elevated temperatures (+3°C) in 
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addition to ambient (ambient pH; green) and low pH (-0.3pH; blue) treatments in a 
fully orthogonal design. All results are expressed as mean ± S.E., n = 10. 
4.5    Physiological responses of epiphytes on the health of 
Halimeda  
Growth rates (% change in weight per day during the experiment) of isolated H. tuna 
decreased in response to increased temperature and pCO2 conditions. In contrast, 
elevated growth was observed at high temperatures and ambient pH (F1, 72 = 10.15, p 
= 0.002; Fig. 4.2). Ambient and low pH treatment groups exhibited an intermediate 
response, and did not differ from other groups (F1, 72 = 10.15, p=0.002; Fig. 4.2). 
There was also a significant interaction between association and pH, where in low 
pH treatments, H. tuna in association with epiphytes were not affected by decreased 
pH, but when in isolation grew significantly less (F1, 72 = 4.26, p = 0.043; Fig. 4.2). 
Increased acidification and temperature had a negative interactive effect on 
calcification in H. tuna (F1, 72 = 6.49, p = 0.013; Fig. 4.3). In addition, calcification 
rate was lowest when H. tuna were exposed to low pH in isolation as compared to 
ambient treatments and those with the LBF epiphyte (F1, 72 = 10.01, p = 0.002; Fig. 
4.3). Calcification rate was also highest in H. tuna without epiphytes, and significantly 
lower in specimens in the high temperature and no epiphyte treatment group (F1, 72 = 
12.746, p = 0.001; Fig. 4.3). The decoupling of growth and calcification rate in H. 
tuna indicates that there is a slight increase in growth rate in association with M. 
vertebralis, but not in isolation. Although H. tuna may continue to gain biomass when 
M. vertebralis is present (organic and inorganic carbon formation), increased 
calcification rate could be a compensatory response to the higher physiological 
demands caused by acidification and warming stress (Connell and Ghedini 2015). 
Previous studies have found a decrease in the quality of aragonite formed (crystal 
width) by Halimeda sp. in increased pCO2 and temperature conditions (Sinutok et al. 
2011). Observations of increased calcification of Halimeda sp. at seep sites are 
attributed to increased availability of bicarbonate due to acidifying conditions (Vogel 
et al. 2015). These results indicate that this may be due to biological-buffering 
compensatory mechanisms that counter stress effects (Borowitzka and Larkum 
1976a; Connell and Ghedini 2015). These results indicate the same trends across 
calcification and weight measurements in treatments were H. tuna was incubated in 
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isolation. In association with M. vertebralis, however, H. tuna exhibited a slight increase 
in calcification and weight in both acidification and warming conditions, highlighting 
the importance of the epiphyte. 
 
 
Figure 4.3. Boxplots of calcification rate (G) measured as the change in µmol 
CaCO3 per day was quantified in H. tuna with (With Association) and without (No 
Association) the epiphyte M. vertebralis. Halimeda tuna were exposed to ambient 
(Ambient Temp) and elevated temperatures (+3°C) in addition to ambient (ambient 
pH; green) and low pH (-0.3pH; blue) treatments in a fully orthogonal design. All 
results are expressed as means ± S.E., n = 10.  
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Figure 4.4. Total chlorophyll (µg chlorophyll mg-1algae) was quantified in H. tuna 
with (With association) and without (No Association) the epiphyte M. vertebralis. 
Halimeda tuna were exposed to ambient (Ambient Temp) and elevated temperatures 
(+3°C) in addition to ambient (ambient pH; green) and low (-0.3pH; blue) treatments 
in a fully orthogonal design. All results are expressed as mean ± S.E., n = 10. 
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The ability to physiologically regulate the chemical micro-environments is key to the 
success of many calcifying organisms (Hurd et al. 2011). For H. tuna, a significant 
interaction between temperature and association with M. vertebralis showed that total 
chlorophyll was highest in treatments without the epiphyte in ambient temperature, 
and reduced in elevated temperature. Halimeda tuna with epiphytes exhibited 
resilience to increased temperature as indicated by a 25% decrease in total 
chlorophyll (F1, 72 = 21.18, p < 0.001; Fig. 4.4). This decrease in chlorophyll could 
indicate decreased ability to photosynthesize, as seen in M. vertebralis (e.g. Schmidt et 
al. 2011). The potential for biological buffering to enhance resilience to climate 
change stressors has been highlighted with the discovery of the ability of certain algae 
to produce a large diffusive boundary layer (DBL), in which photosynthesis elevates 
pH in the microscale, potentially buffering against negative effects of climate change 
(Hurd et al. 2011; Pettit et al. 2015). The current paradigm exists that LBFs benefit 
from a facilitative symbiosis with their marine algal host (Langer 1993), due to 
biological buffering from marine algae through photosynthesis causing large DBLs 
(Hurd et al. 2011).  Results from this study indicate that in association with M. 
vertebralis, total chlorophyll levels increased slightly when H. tuna were exposed to 
increased temperature and acidification. In contrast, when H. tuna were in isolation 
at elevated temperature, total chlorophyll levels decreased significantly. Previous 
work on growth of Halimeda sp. indicates that increased chloroplast density in new 
sections of Halimeda are then infilled with calcium carbonate within the interutricular 
spaces (Borowitzka 1989), suggesting that the increases in total chlorophyll observed 
here in elevated temperature treatments in association with H. tuna would result in 
increased growth and calcification. This compensatory response indicated by this 
increase in total chlorophyll suggests that the production of the calcium carbonate 
structure is only exhibited when in association with M. vertebralis, and not in isolation.  
4.6    Future considerations for species interactions in a changing 
climate 
While previous studies have observed no noticeable responses of LBF epiphytes to 
climate change stressors (Fabricius et al. 2011; Pettit et al. 2015), it is clear from these 
results that the relative amount/density of host algae to epiphyte is important to 
consider. This study highlights that at natural densities of the macroalgal host and 
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LBF epiphyte as seen in situ can provide resistance to the host in warming and 
acidification scenarios. This potential for biological buffering may only occur at 
certain levels (eg. density) of association. The role of the LBF epiphyte in these 
associations warrants attention to elucidate how the physiological mechanisms in this 
symbiosis may be altered in a changing ocean. Although this study highlights the fact 
that the presence of the M. vertebralis epiphyte ameliorates negative effects of ocean 
warming and acidification on growth and calcification of H. tuna, considering how 
diurnal changes in calcification are also important to understand changes in net 
calcification. Recent work has shown that thermal and chemical history of organisms 
plays a role in their resilience to future climate change (Boyd et al. 2016). The area in 
which we collected specimens of H. tuna and M. vertebralis experiences large fluxes in 
temperature and pCO2 (see Chapter 3). This  potentially provides a context in 
which these results are explained.  
4.7    Conclusions 
This study highlights that the association of calcifying epiphytes with calcifying 
macroalgae may be particularly important to the survival of the algal host in future 
climate change scenarios. For most of the physiological parameters investigated, a 
slight benefit was observed for H. tuna when associated with the LBF epiphyte in 
climate change conditions. The increase of calcification rate could indicate a 
compensatory mechanism in response to environmental stress. This compensatory 
mechanism is only present when these two species interact and may be the first 
known example of biological buffering between organisms in a changing climate. 
While the current paradigm exists that macroalgae such as H. tuna provide a stable 
and potentially beneficial substrata both physically and chemically to epiphytes, this 
study shows that epiphytes may be important to the survival of the H. tuna host in a 
warming and acidifying ocean. This has important implications on predictions of 
how organisms will respond in a changing ocean.  Furthermore, we present a case 
that supports the ecological resistance theory where two organisms interacting use 
their physiology to resist the effects of climate change stressors of ocean warming and 
acidification.  
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4.8    Methods 
4.8.1 Experimental overview 
Two temperature (ambient 26°C and 29°C), and two pH (ambient 8.0 and 7.7 
pHTotal units) fully orthogonal treatment groups were used. Ten replicates each of H. 
tuna only and H. tuna with M. vertebralis were incubated in each of the 
pH/temperature treatment groups for a total of 80 replicates and a period of 2 
weeks.  
4.8.2 Collection and acclimation 
Specimens of Halimeda tuna and Marginopora vertebralis were collected from Coconut 
Beach (1-3 m depth), Lizard Island (14°40’08”S, 145°27’34”E) in April 2015 (See 
Figure 6.3 for site map). Samples were immediately transported back to Lizard Island 
Research Station, and placed into flow-through ambient seawater conditions and 
light for 5 days to acclimate to laboratory conditions. Specimens of H. tuna were then 
separated into ~1g (wet weight) replicates, and all visible epiphytes (LBFs) were 
removed and placed into polypropylene jars with a 462µm plankton mesh glued to 
the side for a total of ~40mL water. Samples of M. vertebralis were removed from algal 
substrata, and 6 specimens were separated to constitute an experimental replicate 
(~0.5g w.w. and in similar density to those found in situ). For the experimental 
treatment group of H. tuna with M. vertebralis, the LBF epiphyte was subsequently 
added (6 specimens per jar), and all samples were then allowed to acclimate for an 
additional 3 days to laboratory conditions under ambient flow through water. 
Specimens were incubated in each container and fed from 60L header tanks. Light 
was provided using LED cool white lights to an intensity of ~100µmol photos m-2 sec-
1 for the duration of the experiment and measured using HOBO Pendant light 
readers Model UA-002-64. A flow-through dripper system was used for water 
delivery that delivered ~40mL/ min of experimental waters. Specimens were 
gradually exposed to experimental waters with an increase of 1°C, and decrease of 
0.1pH unit each day for three days prior to the start of the experiment. 
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4.8.3 Incubation parameters and seawater chemistry 
To manipulate pH and temperature in experimental conditions, a total of 4 header 
tanks were used (one for each pH and temperature treatment). The seawater pH and 
temperature of these header tanks were controlled using a Neptune Apex system and 
dosing pure CO2 to regulate pH. Seawater chemistry to quantify incubation 
treatment waters was collected daily from randomly chosen sample jars, and 
measured immediately. Seawater pH of the treatment groups was monitored using 
m-cresol spectrophotometric measurements on an Ocean Optics USB4000+ 
spectrophotometer, and pHTotal calculated based on equations from Dickson (2007). 
Total alkalinity samples were filtered with a 0.22µm filter prior to analysis to 
eliminate possible contamination of calcium carbonate in the sample and measured 
using open-cell potentiometric titrations (DOE 1994). These were referenced to 
seawater Certified Reference Material (CRM) obtained from A. Dickson, Batch 161. 
Seawater parameters remained stable throughout the experimental incubation (Table 
4.1).  
 
 
Table 4.1 Water quality parameters in incubation experiments. Values are means ± 
SE. A total of 18 measurements were made during the 2-week experiment.  
Treatment Salinity (ppm) Temperature (°C) pHTotal TA(µmol kg-1) 
Ambient pH, Ambient Temp 34.9 ± 0.1 25.14 ± 0.07 8.02 ± 0.01 2301.7 ± 4.2 
Ambient pH, High Temp 35.0 ± 0.1 28.07 ± .0.07  8.01 ± 0.01 2287.6 ± 5.2 
Low pH, Ambient Temp 34.9 ± 0.2 25.03 ± 0.03 7.72 ± 0.01 2302.5 ± 5.8 
Low, pH, High Temp 35.1 ± 0.2 28.25 ± 0.04 7.74 ± 0.01 2297.9 ± 5.8 
 
4.8.4 Bleaching 
Bleaching of H. tuna was assessed visually at the termination of the experiment. 
Specimens of H. tuna were assessed as bleached/not bleached in all treatments in 
each experimental treatment group (out of 10; Uthicke and Fabricius 2012). Because 
the level of replication for visual bleaching was at the experiment level, two 
additional experiments were undertaken each run for 2 weeks (February and April 
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2015) to have n = 3 for this parameter. These two experiments were conducted to 
determine the tolerance levels of H. tuna to elevated acidification and temperature. 
Water chemistry data are provided in Table 4.1.  
4.8.5 Growth and calcification measurements 
Wet weights (gently blotted dry with a paper towel) of H. tuna were measured prior to 
the start of the experiment, and at the termination using a Mettler-Toledo ML240 
balance to 0.1mg resolution. Measurements were then converted into % daily change 
in weight.  
After a 2-week incubation, alkalinity anomaly measurements were made using closed 
bottle experiments as a proxy of instantaneous calcification. Specimens of H. tuna 
were carefully placed into ~20mL glass scintillation vials in their chosen treatment 
group water, and placed under flow-through water jars to maintain experimental 
temperature. Treatment groups of H. tuna and H. tuna with M. vertebralis were 
incubated for 8h in light conditions. To quantify the effect of M. vertebralis, an 
additional set of experiments were performed to measure calcification rates of this 
species in isolation (see Appendix Fig 4.1). A total of 10 replicates were measured, 
and the average of the four pH and temperature treatment groups were subtracted 
from the H. tuna with M. vertebralis replicates.  
Analysis of water samples for total alkalinity were as above, and Calcification (G) was 
measured using Eqn1; where TA is total alkalinity (µmol kg-1), p is seawater density, 
V is chamber volume (mL), w.w. is wet weight (mg), and T is Incubation time (h). All 
measurements were normalized to final wet weight.  
 G µmol CaCO3 = −0.5 × ∆푇퐴 × 휌 ×푉×푤.푤.!1× 푇!1 (Eqn. 1) 
 
4.8.6 Total chlorophyll measurements 
After growth measurements of wet weight were determined, specimens of H. tuna 
were immediately frozen (-20°C) and stored in dark conditions until chlorophyll 
analyses were performed. Samples were placed in 15mL polypropylene plastic tubes, 
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and mechanically ground with a hard metal rod. A total of 10mL of 90% acetone 
was added into the tube, and samples were incubated at 4°C in the dark. Following 
>24h incubation, absorbance measurements were made using an ocean optics 
usb4000+ spectrophotometer, and wavelengths of 630nm, 647nm, 664nm, and 
691nm were recorded. Total chlorophyll was calculated based on universal equations 
developed by Ritchie (2008). All total chlorophyll measurements were normalized to 
final wet weight.  
4.8.7 Statistical analyses 
Bleaching data were analyzed using a three-way analysis of variance (ANOVA) 
across the three experiments conducted for H. tuna only. For growth, instantaneous 
calcification measurements, and total chlorophyll a three-way ANOVA was 
performed using pH (amb, -0.3pH units), temperature (amb, +3°C), and association 
(H. tuna only, H. tuna with M. vertebralis) as fixed factors. Assumptions of ANOVA 
(normality and homogeneity of variance) were tested, and data were log-transformed 
if not met. All analyses were performed in R and Tukey Posthoc tests performed 
using the HSD.TEST function in the agricolae package. 
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Appendix 
Appendix Fig. 4.1. Growth rates of M. vertebralis in association with H. tuna at the 
conclusion of the 2-week incubation in elevated temperature (ambient and +3°C), 
and decreased pH (ambient and -0.3pH units). All units are expressed in mean ± 
S.E., n = 10.
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Chapter 5 
 
Physiological buffering of negative effects from ocean 
acidification and warming 
Abstract 
Marine organisms may be susceptible to the compound stresses of anthropogenic 
ocean warming and acidification, highlighting the importance of assessing their 
response to these stressors. In general, previous studies have focused on single species 
experiments that do not capture the potential for biological buffering of multiple 
organisms through physiological interactions. Marine algae provide an interesting 
case study, as their ability to photosynthesize results in an elevated pH in the 
surrounding microenvironment. In this study, the potential for a large benthic 
foraminifera, Marginopora vertebralis, to be biologically buffered from stress through 
interactions with the algal substratum it resides on, Laurencia intricata was investigated 
in current and near future conditions of ocean warming and acidification. Specimens 
of M. vertebralis were incubated in flow-through aquaria that simulated current and 
near future ocean warming and acidification for 15 days, and physiological 
parameters of growth (change in wet weight), calcification (measured change in total 
alkalinity in closed bottles), photochemical efficiency (Fv/Fm), total chlorophyll, and 
photosynthesis (oxygen flux), were documented. When incubated in isolation, M. 
vertebralis exhibited reduced growth in end of the century projections of ocean 
acidification conditions, while calcification decreased with predicted increased 
temperature. Interestingly, association with L. intricata ameliorated these stress effects 
with the growth and calcification rates of M. vertebralis being similar to that observed 
in ambient conditions. Total chlorophyll levels in M. vertebralis decreased when in 
association with L. intricata, while maximum photochemical efficiency increased in 
ambient conditions. Net production estimates remained similar between M. vertebralis 
in isolation and in association with L. intricata, although both production and 
respiration rates of M. vertebralis were significantly higher when associated with L. 
intricata. These results indicate that the association with L. intricata increases the 
resilience of M. vertebralis to stress, providing an example of physiological buffering by 
a marine alga to ameliorate the negative effects of changing ocean conditions. 
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5.1    Introduction 
5.1.1 Assessing climate change effects in an ecologically relevant manner 
Severe impacts are predicted for calcifying organisms due to climate change stressors 
of ocean acidification and warming, causing changes in metabolism and calcification 
(Kroeker et al. 2010; 2013). Although most studies to date have focused on single 
species responses to climate change stressors (Chapters 1, 3), recent work highlights 
the importance to consider interactions between multiple species in future conditions 
(See also Chapter 4). Examples of compensatory mechanisms in which a 
modification of an organisms’ physiology is able to buffer against stress, maintaining 
ecological equilibrium, are a nuanced aspect of these studies that would otherwise be 
overlooked in single species studies (Ghedini et al. 2015) This is becoming 
increasingly important to highlight as research into climate change advances. In 
addition, species interactions are important to consider as scaling up organismal 
research to a broader scale in the context of changing climates has revealed insights 
on how ecosystems may respond to the global stressors of ocean acidification and 
warming (Kroeker et al. 2016). In particular, endosymbiotic marine relationships, 
and the transfer of energy from the endosymbiont to the host have been well studied 
in corals (e.g., Little et al. 2004), but effects on epibiont relationships are largely 
unknown. In an ocean experiencing increasing stressors, it is important to understand 
how individual organisms will respond in ecologically relevant scenarios where 
species interactions and symbioses (both macro and micro) are considered.  
5.1.2 Large benthic foraminifera in a changing ocean 
Foraminifera are unicellular organisms that reside in oceans and estuaries worldwide. 
These marine protists are especially important in terms of biogeochemical processes 
of carbon sequestration, and generation of biogenic calcium carbonate (Langer et al. 
1997; Langer 2008). Large benthic foraminifera (LBFs), in particular generate >95% 
of carbonate sands in some areas of coral reefs (Davies and West 1981; Baccaert 
1987). LBFs important to carbonate production host various types of endosymbionts 
including dinoflagellates, diatoms, rhodophytes, green algae, and cyanobacteria (Lee 
2006). This transfer of energy between the endosymbiont and the foraminifer host 
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provides the ability for a highly productive symbiosis that leads to the generation of 
calcium carbonate.  
Recent studies on climate change effects on symbiotic LBFs have showed varied but 
generally negative results (Doo et al. 2014b). Although the majority of previous 
studies have observed decreases in calcification and growth (e.g., Kuroyanagi et al. 
2009; Fujita et al. 2011; Schmidt et al. 2011; Uthicke and Fabricius 2012), increased 
growth was observed in response to mild acidification treatment in diatom-bearing 
species of LBFs (Fujita et al. 2011; Hikami et al. 2011). While decreased calcification 
and growth has been observed for most LBF species, increases in productivity in the 
dinoflagellate symbiont of M. vertebralis have been observed in near future ocean 
acidification conditions (Uthicke and Fabricius 2012). However, this does not 
compensate for increased metabolic demands, resulting in lower calcification rates 
(Uthicke and Fabricius 2012). 
To date, nearly all studies on the effects of climate change effects on LBFs have 
involved experiments with organisms in isolation. However, the majority of LBFs 
found on coral reefs occur in high densities associated with corticated and calcareous 
marine macroalgae such as Laurencia and Halimeda. As presented in Chapter 4, in a 
study investigating the interaction between M. vertebralis and H. tuna, the relationship 
between multiple organisms can present complex interactions. As concerns of 
changing climate are becoming increasingly important, it is essential to evaluate how 
LBFs will respond to these changes in an ecologically relevant context in association 
with their algal substrata rather than in isolation.   
5.1.3 The potential for biological buffering from marine algae  
Macroalgae have been shown to exhibit boundary layers of increased pH where 
photosynthesis occurs, termed diffusive boundary layers (DBLs; Hurd et al. 2011; 
Cornwall et al. 2013). These layers have been observed on the micro-scale, and have 
been hypothesized to buffer against the effects of ocean acidification on the 
macroalgae (Hurd et al. 2011; Cornwall et al. 2013). Although in theory, the 
influence of macroalgal DBLs should also apply to calcifying organisms that reside as 
epiphytes on these marine algae, observational studies based at CO2 seeps in Papua 
New Guinea and Mexico have shown negligible effects of buffering exhibited by 
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seagrasses on epiphytic foraminifera in response to decreasing pH (Fabricius et al. 
2011; Pettit et al. 2015). This study explores a common LBF-algal association 
between the LBF M. vertebralis and the macroalga Laurencia intricata, to experimentally 
test the response of this relationship to climate change stress. 
5.1.4 Aims 
This study investigates the potential for the non-calcifying macroalgae Laurencia 
intricata to buffer against the negative effects of ocean acidification and warming on a 
commonly associated epiphytic foraminifer, M. vertebralis. To achieve this, M. 
vertebralis were incubated with and without the algal host, L. intricata, under flow-
through climate change conditions in aquaria experiments. Growth metrics of 
calcification and change in weight were used to assess M. vertebralis health in addition 
to a bleaching index, indicative of mortality. Physiological parameters of oxygen 
production (proxy for photosynthesis), respiration, total chlorophyll, and 
photochemical efficiency were also quantified to determine metabolic changes in 
response to ocean acidification and warming stress. It was hypothesized that in 
isolation, M. vertebralis would exhibit decreased health parameters (eg. growth and 
calcification), but that these effects would be ameliorated when in association with L. 
intricata. I also hypothesized that there would be a compensatory mechanism of 
increased physiological parameters (increased photosynthesis/respiration) in response 
to stressors when M. vertebralis is in isolation, but these will also be buffered when in 
association with L. intricata.  
5.2    Methodology  
5.2.1 Collection and acclimation 
Specimens of Marginopora vertebralis and Laurencia intricata were collected from Coconut 
Beach (1-3m depth), Lizard Island (14°40’08”S, 145°27’34”E) in October 2015 (See 
Figure 6.3 for map). Samples were immediately transported back to Lizard Island 
Research Station, and placed into flow-through ambient seawater conditions and 
light for 5 days to acclimate to laboratory conditions. Specimens of L. intricata were 
then separated into ~1g (wet weight) replicates, and all visible epiphytes (LBFs) 
removed. Samples of M. vertebralis were removed from algal substrata and specimens 
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were separated into experimental replicates in which 6 M. vertebralis (~0.5g w.w.) were 
placed into each jar, similar to densities found in situ (Doo, pers. obs.). The 
experimental treatment groups of M. vertebralis only, and L. intricata with M. vertebralis 
were established prior to the start of the experiment, and acclimated 3 days before 
the initiation of the experiment. Specimens were incubated in polystyrene jars with a 
462µm plankton mesh glued to the side for a total of ~40mL water in each container. 
Light was provided using LED cool white lights to an intensity of ~100µmol photos 
m-2 sec-1 for the duration of the experiment. A flow-through dripper system was used 
for water delivery (~40mL/ min) of experimental water. Experimental conditions 
were gradually reached over a three day period, with an increase of 1°C, and 
decrease of 0.1pH unit each day prior to the start of the experiment. Experimental 
water was delivered from 60L header tanks. 
Two temperature (ambient, 26°C and 29°C), and two pH (ambient 8.0 and 7.7 
pHTotal units) fully orthogonal treatment groups were used. To determine the effect of 
mutualistic symbiosis of L. intricata and M. vertebralis, 10 replicates each of M. vertebralis 
only, and L. intricata with M. vertebralis were incubated in each of the pH/temperature 
treatment groups for a total of 80 replicates.  
5.2.2 Incubation parameters and seawater chemistry 
The seawater pH and temperature conditions were controlled using a Neptune Apex 
system and dosing pure CO2 to regulate pH. In the experiment, a total of 4 sumps 
were used, one for each manipulated seawater condition (see above). This water was 
pumped into individual jars (see above), maintaining independence between 
replicates. Seawater chemistry to quantify incubation conditions were collected daily 
from randomly determined dripper valves, and measured immediately. Seawater pH 
of the treatment groups was monitored using m-cresol spectrophotometric 
measurements on an Ocean Optics USB4000+ spectrophotometer, and pHTotal 
calculated based using standard protocols (DOE 1994). Total alkalinity samples were 
filtered with a 0.22µm filter prior to analysis to eliminate possible contamination of 
calcium carbonate in the sample and measured using open-cell potentiometric 
titrations (DOE 1994). These were referenced to seawater Certified Reference 
Material (CRM) obtained from A. Dickson, Batch 161. Seawater parameters 
remained stable throughout the experimental incubation (Table 5.1).   
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Table 5.1. Carbonate parameters measured during the experiment. Temperature, 
pHTotal and Salinity data were collected daily.  
 
Ambient Temperature Elevated Temperature 
 
Ambient pH -0.3 pH Ambient pH -0.3 pH 
Temperature (°C; n=30) 25.6 ± 0.3 25.2 ± 0.5 28.1 ± 0.3 28.2 ± 0.5 
pHTotal (n=30) 7.95 ± 0.01 7.72 ± 0.01 7.95 ± 0.01 7.71 ± 0.01 
Salinity (PSU; n=20) 35.2 ± 0.1 35.3 ± 0.1 34.9 ± 0.1 34.9 ± 0.1 
 
 
5.2.3 Growth measurements 
The wet weight of M. vertebralis across individual replicates were pooled and 
measured prior to the start of the experiment, and at the termination using a Mettler-
Toledo ML240 balance to 0.1mg resolution. Measurements were then converted into 
% daily change in weight. In treatments of both L. intricata and M. vertebralis, only the 
pooled M. vertebralis from each replicate were weighed at the termination of the 
experiment.   
5.2.4 Instantaneous calcification measurements 
After a 2-week incubation, alkalinity anomaly measurements were made using close 
bottle experiments as a proxy of instantaneous calcification. Organisms were 
carefully placed into ~20mL glass scintillation vials in their chosen treatment group 
water, and placed under the flow-through water system to maintain temperature. 
Treatment groups of M. vertebralis and L. intricata together with M. vertebralis were 
incubated for 8h in light conditions.  
Analyses of water samples for total alkalinity were as above, and calcification (G), 
measured using Eqn1; where TA is total alkalinity (µmol kg-1), p is seawater density, 
V is chamber volume (mL), w.w. is wet weight (mg), and T is Incubation time (h). All 
measurements were normalized to final wet weight.  
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 G µmol CaCO3 = −0.5 × ∆푇퐴 × 휌 ×푉×푤.푤.!1× 푇!1 (Eqn. 1) 
 
5.2.5 Total chlorophyll measurements 
Following measurement of wet weight, samples were immediately frozen (-20°C) in 
dark conditions and stored for chlorophyll analyses. Samples were placed in 15mL 
polypropylene plastic tubes, and mechanically ground with a hard metal rod. A total 
of 10mL of 90% acetone was placed into the tube, and samples were incubated in 
4°C overnight in the dark. Following >24h incubation, absorbance measurements 
were made using an ocean optics usb4000+ spectrophotometer, and wavelengths of 
630nm, 647nm, 664nm, and 691nm were recorded. Total chlorophyll was calculated 
based on universal equations developed by Ritchie (2008). In treatments of both L. 
intricata and M. vertebralis, M. vertebralis was measured separately. All measurements 
were normalized to final wet weight of the corresponding M. vertebralis replicate.  
5.2.6 Oxygen flux measurements  
Oxygen flux measurements were made with a Presens Oxy-10 mini 10-channel 
optical sensor. At the end of the 15 day incubation period, oxygen flux measurements 
were taken in 30mL glass scintillation vials that were gently stirred. Samples were 
allowed to acclimate for at least 5 minutes before measurements were recorded. For 
oxygen production measurements, light conditions in replicates were ~100µmol 
photons m-2 s-1 during measurements (similar to incubation levels).  All analyses were 
performed using standard protocols for LBFs outlined in Uthicke and Fabricius 
(2012). 
To quantify the effect of L. intricata in association treatments, an additional set of 
experiments were performed to measure oxygen flux rates of this algae in isolation. A 
total of 10 replicates were measured, and the average of the four pH and 
temperature treatment groups were subtracted from the L. intricata with M. vertebralis 
replicates to obtain oxygen flux measurements of M. vertebralis in association 
treatment groups. 
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5.2.7 Statistical analyses 
For growth rate, instantaneous calcification, maximum photochemical efficiency 
(Fv/Fm), total chlorophyll and oxygen flux measurement data, a three-way ANOVA 
was performed using pH (amb, -0.3pH units), temperature (amb, and +3°C), and 
association (No Association of M. vertebralis only, and with association of M. vertebralis 
with L. intricata) as fixed factors. Assumptions of ANOVA (normality and 
homogeneity of variance) were tested, and data were log-transformed if not met. All 
analyses were performed in R with HSD.test analyses conducted with the agricolae 
package. 
5.3    Results 
5.3.1 Growth and calcification parameters 
A 250% decrease in growth (wet weight) was observed in M. vertebralis in low pH 
conditions when they were not associated with L. intricata. In the presence of the 
algae, growth of M. vertebralis was not affected by acidification conditions (F1,72 = 
7.94, p =0.006; Fig. 5.1A). There was no effect of temperature on growth rates of M. 
vertebralis regardless of the presence of L. intricata (F1,72 = 2.04, p = 0.157; Fig. 5.1A).  
Increased temperature caused dissolution of M. vertebralis not in association with L. 
intricata. Marginopora vertebralis still associated with L. intricata had lowered calcification 
compared to those in ambient pH and temperature conditions, but maintained 
positive calcification rates in light conditions (F1,72 = 21.15, p < 0.001; Fig. 5.1B).   
5.3.2 Symbiont parameters of Marginopora vertebralis 
Photochemical efficiency (Fv/Fm) of M. vertebralis was lowest in acidification and high 
temperature treatments when in association with L. intricata (F1,72 = 7.38, p = 0.008; 
Fig 5.2A). In contrast, photochemical efficiency was highest in M. vertebralis incubated 
in low pH, ambient temperature when in association with L. intricata (F1,72 = 7.38, p 
= 0.008; Fig. 5.2A).  
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Figure 5.1. Results of Marginopora vertebralis incubated in temperature (ambient, 
+3°C) and acidification (ambient and -0.3pH units) treatments for two weeks. 
Changes in (A) Growth measured as wet weight change per day and (B) calcification 
( change in total alkalinity), were determined for M. vertebralis both with and without 
the Laurencia intricata substratum. All results are expressed in mean ± S.E., n = 10.  
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Total chlorophyll was ~50% higher in M. vertebralis not in association with L. intricata 
as compared to those incubated with L. intricata (F1,72 = 9.92, p = 0.002; Fig. 5.2B). 
Total chlorophyll was also ~50% higher in M. vertebralis incubated in elevated 
temperatures not in association with L. intricata (F1,72 = 14.93, p < 0.001; Fig 5.2B).  
Photosynthetic rates of M. vertebralis were significantly lower in high temperature 
treatment groups compared to those in ambient temperatures (F1,72 = 11.36, p = 
0.001; Fig. 5.3A). In addition, photosynthetic rates of M. vertebralis in association with 
L. intricata were significantly higher than those incubated in isolation (F1,72 = 68.91, p 
< 0.001; Fig. 5.3A).  
Respiration rates increased by 80% in M. vertebralis associated with L. intricata (F1,72 = 
53.79, p < 0.001; Fig. 5.3B), but effects of acidification and temperature were not 
significant over associated and non-associated groups.  Net oxygen production of 
associated M. vertebralis decreased by 65% in the high temperature group (F1,72 = 
9.04, p = 0.004; Fig. 5.3B), and decreased by 60% in isolation (F1,72 = 7.94, p = 
0.006; Fig. 5.3C).  
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 Figure 5.2. Photophysiological parameters measured for Marginopora vertebralis 
incubated in temperature (ambient, +3°C) and acidification (ambient and -0.3pH 
units) treatments for two weeks.  (A) Maximum photochemical efficiency (Fv/Fm) and 
(B) total chlorophyll content was measured at the conclusion of a two-week 
incubation. All results are expressed in mean ± S.E., n = 10. 
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5.4    Discussion 
5.4.1 Compensatory mechanisms in multiple species aid in amelioration 
of climate change stress effects 
This study is one of the first to directly test a potential mitigation effect of interspecies 
biological interactions between L. intricata and M. vertebralis in the context of ocean 
warming and acidification. The results indicated that calcifying organisms, such as 
the foraminifer M. vertebralis, may be able to resist the effects of ocean warming and 
acidification when associated with their algal substratum such as L. intricata. The 
decreased calcification and growth observed in M. vertebralis when incubated in 
isolation is similar to previously observed studies (Schmidt et al. 2011; Sinutok et al. 
2011; Doo et al. 2014b; Chapter 3). The observed results of increased resilience in 
the treatments where M. vertebralis is associated with L. intricata highlights the 
importance of the algae-calcifier interactions and its key role in the resilience benthic 
assemblages in the future.   
As our understanding of species interactions increases, the importance of 
incorporating these relationships into studies of climate change is being reinforced 
(Connell and Ghedini 2015). The effects of decreased pH and increased temperature 
on M. vertebralis were ameliorated by the presence of L. intricata. However, as previous 
studies have suggested, the apparent quest to maintain homeostasis in this system has 
stimulated a compensatory mechanism (Ghedini et al. 2015). In this study, this is seen 
by an elevated metabolism in M. vertebralis (in increased photosynthesis rates observed 
in specimens associated with L. intricata), ameliorating the negative effects of 
acidification and warming. Although these increases in oxygen production are 
demonstrated in association with the algal substrata, a resulting similar net 
production observed maintains equilibrium in this system.  
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Figure 5.3. Oxygen flux measurements for Marginopora vertebralis performed at the 
termination of the 2-week experiment in isolation and in association with Laurencia 
intricata. (A) Total production (proxy for photosynthesis) in light (~100µmol photon 
m-2 sec-1), (B) Respiration (measured in the dark) and (C) net production (the 
difference between light and dark oxygen flux) were measured. All results are 
expressed as mean ± S.E., n = 10. 
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5.4.2 The microenvironment of corticated algae 
Diffusive boundary layers (DBLs) elevate pH due to photosynthesis in the micro-
scale, and have been observed for many species of marine macroalgae (Hurd et al. 
2011; Cornwall et al. 2013). These results and our study indicate that L. intricata may 
provide a stable refugia for associated LBFs through DBLs. Several studies have 
found boundary layer gradients of increased oxygen, saturation state, and carbonate 
ion; factors that promote calcification in M. vertebralis (e.g., Glas et al. 2012). In 
addition, the microenvironment of seagrass beds has been shown to promote 
calcification of calcareous algae (Semesi et al. 2009), highlighting the buffering 
potential of dense algal substrata. An interesting aspect of this association between M. 
vertebralis and L. intricata is the observed decrease in total chlorophyll levels of M. 
vertebralis in association with L. intricata. Photo-oxidative stress from endosymbiont 
photosynthesis for the LBF holobiont is a limiting factor for carbon uptake and 
calcification (Prazeres et al. 2016). The increased stability that is gained through 
living on algae may lead to a decrease in total chlorophyll levels of M. vertebralis in 
association with L. intricata, due to photo-oxidative stress for the LBF holobiont 
(Prazeres et al. 2016).  
5.4.3 Implications of species interaction on the mineralogy of 
Marginopora vertebralis  
The skeleton of M. vertebralis is composed of high Mg-calcite (~250mmol/mol; Raja 
et al. 2005), a mineral form prone to dissolution in ocean acidification conditions 
(Morse et al. 2006; Yamamoto et al. 2012). However, the effects of low pH are 
buffered when the LBF is associated with L. intricata. While night-time respiration also 
decreases the pH of the boundary layer of algae, it seems that the net gain of weight 
and calcification in M. vertebralis compensates for the potential dissolution at night 
through increased photosynthesis. Although we only investigated M. vertebralis in our 
study (a dinoflagellate-bearing species), this benefit may be even more pronounced in 
species that host diatom symbionts, as these species appear to benefit from increased 
growth in mild acidification conditions (Doo et al. 2014b).  
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5.4.4 Ecosystem impacts of species interactions  
Most estimates of carbonate production in LBFs include measurements of 
calcification rates of isolated specimens. This study indicates that calcification rates 
may differ drastically in M. vertebralis incubated in isolation, due to biological 
buffering from the algal DBL. In addition, our study indicates that the substratum 
choice by foraminifera will be key to their survival in a changing ocean, as the health 
of LBFs that live in isolation from algal basiphytes will be severely impaired. The 
measurements of LBF growth and calcification in association with the algal host have 
implications for reef-scale estimates of carbonate production, as most studies use 
instantaneous calcification rates to determine current and near-future changes in 
growth (further explored in Chapter 6). These species’ interactions, in particular 
multi-species symbioses that provide biological buffering services, are an important 
ecological process that needs further investigation to more accurately estimate the 
mechanistic changes that may occur under altered climate change scenarios.   
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Chapter 6  
 
Incorporating ecological interactions into upscaled 
estimates of reef-scale carbonate production 
 
  Abstract 
A decline in coral cover has been documented across coral reefs due to 
anthropogenic stressors of ocean warming, acidification, increased storm intensity 
and pollution. As oceans are projected to experience further physical and chemical 
changes by the end of the century, it is imperative that the services provided by reefs 
are accurately characterized. In particular, calcification on coral reefs provides 
habitat for associated fish populations through increased structural complexity, and 
sequesters inorganic carbon, balancing seawater pH. Remote sensing of reefs offers a 
simple yet cost-effective method of conducting reef-wide assessments of these services. 
Associated spatial analysis techniques such as habitat mapping through classification 
of satellite images and interpolation of localized ground measurements, can provide 
estimates of entire reef calcification. This involves scaling up from field-based 
observations to entire reef platforms. To date, most studies on reef-scale carbonate 
production have used an additive upscaling approach in which the contributions of 
individual component organisms to calcification are added together to estimate 
whole-community calcification across broader geographic areas. From an ecological 
perspective, this fails to account for species interactions that may produce synergistic 
or antagonistic effects influencing community carbonate production. These might 
arise from processes such as competition, predation, disease or reproduction. 
To refine current methods of upscaling carbonate production rates, this study utilized 
a high resolution remote sensing image of a well-studied coral reef at Lizard Island to 
determine for each image pixel whether or not algae were present. Growth rates of 
Marginopora vertebralis, a common calcifying large benthic foraminifera, in isolation 
and in association with Laurencia intricata, a red corticated macroalgae (Chapter 5) 
were also incorporated into a model. The standing crop of M. vertebralis for the 
windward reef flat was estimated to generate 8.44 tonnes yr-1 when in association 
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with L. intricata while in isolation this LBF was estimated to generate 5.28 tonnes yr-1. 
An additional model that compared algal and non-algal substrata in determining 
growth rates of M. vertebralis in the same calculation estimated a 6.16 tonnes yr-1 
carbonate production rate by this LBF. These results indicate that by failing to 
account for species interactions (in this case with associated algal substrata), an 
underestimation of ~37% in carbonate production rates on the reef-scale is 
determined. In the context of projected climate change, the ability for L. intricata to 
buffer against the negative effects of ocean warming and acidification on calcification 
in M. vertebralis indicates that the resilience of this LBF depends on its algal substrata. 
In isolation M. vertebralis exhibits dissolution estimated to be ca. -40 tonnes yr-1 while 
associated M. vertebralis were estimated to maintain present day carbonate production 
rates (8.19 tonnes yr-1).  This study provides one of the few estimates of reef-scale 
LBF carbonate production and demonstrates the application of ecologically relevant 
experiments to improve estimates of carbonate production. 
6.1    Introduction 
6.1.1 The importance of carbonate budgets on coral reefs 
Coral reefs are important ecosystems that provide a variety of economic and 
environmental services (Pandolfi et al. 2003). In particular, calcifiers on coral reefs 
play an important role in carbon sequestration (Vecsei 2004), providing structural 
complexity for associated fauna (reviewed in Hoegh-Guldberg et al. 2007), and 
producing beach sediments (Langer et al. 1997; Langer 2008). In view of changing 
climates, accurate estimates of reef-scale carbonate budgets that determine yearly 
production of calcium carbonate are needed to obtain baseline measurements of reef 
health to monitor future changes in potential reef decline and associated decline of 
reef services (Hughes et al. 2003). Although coral reefs occupy <1% of the world’s 
surface area, they produce an estimated 650-830 Tg CaCO2 yr-1, composed mostly 
of scleractinian corals (Vecsei 2004). Recently, evidence suggests that other reef 
organisms such as crustose coralline algae and large benthic foraminifera (LBF) play 
an important role in carbon sequestration and reef maintenance (Yamano et al. 
2000; Langer 2008; Doo et al. 2014b). Calcifying organisms that produce high-
magnesium skeletons in particular serve an important role in maintenance of 
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chemical equilibrium on coral reefs, serving to buffer against daily pH flux from reef 
metabolism through skeletal dissolution post-mortem (Yamamoto et al. 2012). 
6.1.2 Current methodology of upscaling carbonate production and 
propagation of errors 
Quantitative measurements that upscale carbonate production estimates to entire 
reefs employ hydrochemical- (eg. changes in reef metabolism) and census- (biota 
census with growth rate) based methodologies to determine calcification at specified 
points and then extrapolated to a larger area (Vecsei 2004). Hydrochemical 
techniques capture metabolism that incorporates physiological parameters of 
calcification and dissolution (e.g., Albright et al. 2016; Shaw et al. 2016), but do not 
depict spatial and temporal variability along the reef. Census based techniques use 
population estimates of calcifiers and known growth rates, but fail to incorporate 
microscopic organisms such as molluscs and foraminifera. Furthermore, they fail to 
account for inorganic carbonate precipitation and dissolution that naturally occur 
daily on reefs (Yamamoto et al. 2012) or the influence of species interactions 
(Chapter 4,5).  
To date, most studies have employed an additive approach, where the individual 
components of carbonate production are incorporated in a linear manner (e.g., 
Andréfouët and Payri 2001; Moses et al. 2009; Hamylton et al. 2013a; Leon and 
Woodroffe 2013). Hatcher (1997) proposed two alternative mechanisms, based on 
the potential for integrative or differential effects between organisms in which 
production rates are not linear. Processes such as vertical reef growth and synergistic 
species interactions have the potential to promote more carbonate production than 
an additive approach assumes (e.g., Davies and Hopley 1983; Shaw et al. 2016). In 
contrast, phase shifts in benthic community dominance and competition between 
species could create a differential effect, dampening the effect observed (e.g., Done 
1992; Knowlton 1992; Aronson 1994). These non-linear processes are external to the 
current model systems and cannot be derived from the individual components of the 
system. As such, calcifying organisms that contribute to these reef-scale models have 
the potential to interact in other ecological associations such competition and 
symbiosis, further complicating estimates that incorporate multiple organisms. 
Comparisons of estimates of overall reef community metabolism with linear additive 
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models on three reefs suggests these two methods correspond broadly (Shaw et al. 
2016). As our understanding of ecological interactions on coral reefs increases, there 
is an opportunity to further incorporate these interactions into carbonate budget 
models to increase our understanding of how reefs function. To assess the 
contribution of LBFs it is essential to quantify the distribution of its algal habitat 
across a reef platform so that the algae-LBF association can be precisely estimated.  
A traditional approach to habitat mapping uses an image classification algorithm to 
identify substrata (or habitat) type on a per pixel basis across broad geographical 
areas, such as those corresponding to reef platforms (Hamylton 2013; Hamylton et 
al. 2013a). These can be useful information for estimating functional processes across 
entire reef platforms, such as carbonate production (Doo et al. 2012a; Chapter 2). 
The value of quantifying functional processes across landscapes is in enabling 
practical assessments, such as ‘this reef flat is currently producing 200 tonnes of calcium 
carbonate per year, which contributes 20 tonnes of sediment onto this beach’. Currently, 
commercially available satellite images have a spatial resolution (pixel side length 
dimension) of 1 - 2m2, while maximum achievable resolutions in the past decade 
ranged from 4m2 to 9m2.  In the past, the coarse spatial resolution of satellite images 
limited the precision by which the magnitude of reef based processes can be 
estimated resulting in a large degree of uncertainty in estimates of functional 
processes such as carbonate production. Improvements in image resolution provide 
an opportunity to generate improved estimates across broad geographical areas.  In 
Chapter 2, I refined estimates of reef substrata within each pixel by interpolating 
algal coverage to generate continuous spatial estimates based on localized measures 
of substrata features within each pixel across the study area of interest. Multiple 
sampling intervals incorporating geographically extensive data points allows the 
spatial and temporal variability in specific reef areas (eg. reef flat) to be analyzed (eg. 
Yamano et al. 2000). Conducting an analysis that incorporates broader geographical 
extents in this way enables the quantification of source to sink populations of 
calcifiers in specific areas of the reef (Fig. 6.1). 
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Figure 6.1.  A diagram of the various models of carbonate production explored in 
this chapter. The Isolated Carbonate Production Model assesses M. vertebralis 
carbonate production rates in isolation from algal substrata using growth rate 
measurements of M. vertebralis incubated in isolation (Chapter 5). The Associated 
Carbonate Production Model assesses M. vertebralis carbonate production rates with 
the assumption that all M. vertebralis are in association with the Laurencia intricata algal 
substrata (Chapter 5), while the Mixed Carbonate Production Model assumes a 
mixture of M. vertebralis occurrence in isolation and in association with algal habitat as 
determined by the habitat map.  
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6.1.3 Large benthic foraminifera, major carbonate producing organisms 
Large benthic foraminifera (LBFs) are unicellular organisms that reside in high 
densities on coral reefs due to their symbiosis with microalgal endosymbionts (Lee 
2001). On coral reefs, LBFs often occur in high densities on marine macroalgae 
including fleshy calcareous (eg. Halimeda) and corticated red algal (eg. Laurencia; Fig. 
6.2) species in higher wave energy environments (Jell et al. 1965). This interaction 
with algal substrata changes growth rates, likely due to the micro-scale protective 
diffusive boundary layer provided by L. intricata associated with photosynthesis 
(Chapters 4-5). Although they are recognized as local major carbonate producers 
in coral reefs such as Lizard Island Reef (LIR; Baccaert 1987), estimates of carbonate 
production on coral reefs often fail to account for contributions from microscopic 
organisms such as LBFs, due to their size (Hamylton et al. 2013b). Although LBFs 
are recognized for their important contribution to calcification on coral reefs through 
their influence on sediment processes (Baccaert 1987), few studies have attempted to 
extrapolate density measurements of LBFs to the reef-scale (Doo et al. 2012a; 
Chapter 2). In particular, the spatial distribution of LBF species on coral reefs 
remains poorly understood, with only one study documenting spatial patterns of 
species distribution over the reef-scale in the Majuro Atoll, although reef-scale 
estimate carbonate production were not determined (Fujita et al. 2009; Chapter 2). 
Here I incorporate habitat into estimates of reef-scale carbonate production by LBFs, 
at Lizard Island Reef (LIR) to assess how reefs may respond to changing climate. 
The Lizard Island Group is a well-studied reef, and carbonate production rates have 
been estimated using hydrochemical methods (Kinsey 1978,1979; Silverman et al. 
2014), as well as through census-based upscaling based on coral community cover 
(e.g., Hamylton et al. 2013a; Hamylton et al. 2014). These previous studies provide 
and ideal opportunity to compare estimates of reef-scale carbonate production using 
the novel approach used here with incorporation of species interactions and remote 
sensing to refine upscaling models.  
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Figure 6.2.  Common habitat of Marginopora vertebralis on Lizard Island Reef flat in 
(A) sandy shallow reefs (black arrows indicate location of M. vertebralis). In other areas 
(B), M. vertebralis associate with Laurencia intricata, a corticated red algae (white arrows).   
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6.1.4 Aims 
In this study, a traditional linear additive model of carbonate production was refined 
using data that incorporates the potential synergistic buffering effect of the algal 
habitat growth rates/calcification on M. vertebralis (Chapter 5). Standing crop data 
of M. vertebralis determined in this study for LIR were combined with these growth 
rates. Two growth rates were employed, as measured from incubated M. vertebralis in 
isolation from algae (CPisol) and those in association with L. intricata (CPassoc) 
(Chapter 5).  These data were used to estimate the potential for physiological 
buffering to increase growth rates and assess the implications of this buffering effect 
on carbonate production across the entire reef flat. Satellite remote sensing data were 
acquired, and LBF reef flat habitat type was determined using standard image 
classification techniques, in combination with a ground referencing dataset of 
underwater video footage samples. In addition, a third scenario was also modeled in 
which the presence/absence of L. intricata was determined within the reef flat study 
area from the reef flat habitat map (CPmix). This third scenario represented the 
heterogeneous mixture of ecological associations that characterize coral reef 
communities.  
The three carbonate production models were developed for current day scenarios, as 
well as projected scenarios of ocean warming (+3°C above ambient) and acidification 
(-0.3 pH units below ambient). These models provide insights on how species 
interactions may influence reef-scale carbonate production rates in current and 
projected climate change scenarios. This approach also provides more accurate and 
ecologically relevant baseline measurements of current/future conditions to manage 
how ecosystems may respond. 
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Figure 6.3. Lizard Island Reef located in the northern Great Barrier Reef. The red 
outline indicates the areas of our study, which encompassed the reef flat of Lizard 
Island Reef. The green dots indicate locations of standing crop sampling for 
Marginopora vertebralis density, and the red dots indicate the location of ground 
references used to characterize the substrata.  
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6.2    Methodology 
6.2.1 Site description 
The Lizard Island Group is a set of granitic islands located in the northern Great 
Barrier Reef including the main island of Lizard Island, and two smaller islands to 
the south, Palfrey and South Islands (14°40’08”S, 145°27’34”E) with an associated 
lagoon and fringing reef (Fig. 6.3). On the windward eastern side, a shallow algal reef 
flat (1-3 m depth) nourishes Coconut Beach (Baccaert 1987).  
6.2.2 Standing crop field measurements of LBF carbonate storage 
Quantitative measurements of LBF standing crop were conducted at Coconut Beach 
and the reef crest between Bird Islet and South Island  (Fig. 6.3; Fig. 6.4A) in spring 
(October 2015). Collection (45 algal substrata samples) and processing of standing 
crop field measurements were performed in the same manner as those outlined in 
Chapter 2.3.3. In addition, kriging of standing crop was also performed in the 
same manner (Fig. 6.4B), to acquire estimates of standing crop of M. vertebralis across 
the Lizard Island reef flat (Fig. 6.4C).  
 
Figure 6.4. Diagram that outlines methodology used to quantify upscaling of 
carbonate production rates of M. vertebralis on Lizard Island Group. Corresponding 
letters in the figure are further explained in detail in the methods section.   
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6.2.3 Experimental incubation for upscaling production rate 
Upscale measurements of carbonate production focused on the ubiquitous coral reef 
calcifier, M. vertebralis a LBF that occurs in high densities, and is often associated with 
the corticated red-alga Laurencia intricata. The benefit of this association to LBF 
growth was documented in flow-through experiments in Chapter 4. For these 
experiments, M. vertebralis were collected from Coconut Beach and 6 individuals were 
randomly placed into independent incubation chambers with flow-through water in 
current (ambient seawater) and near future conditions ocean warming (+3°C above 
ambient), and acidification (-0.3 pH units below ambient). A total of 10 replicates 
across these two treatments were monitored over a two-week period, and the average 
growth rate was obtained at the end of the incubation period (wet weight difference). 
In this experiment, M. vertebralis were incubated with (Fig. 6.4D) and without (Fig. 
6.4E) association with L. intricata, and these data were used for incorporation of 
growth rate (See Chapter 5 for methods and results).  
6.2.4 Image classification to delineate areas of algal cover 
To provide a realistic basis for including the presence of algae in the upscaling model, 
the habitat map was used to nominate whether or not algae were present for each 
pixel. The habitat map was generated from an 8-band World view-2 satellite image 
of Lizard Island Reef, which was acquired on 14 Oct 2011 (spatial resolution 2 m2; 
Fig. 6.4F). Corrections of atmospheric distortion were performed in the same manner 
to Chapter 2.3.5. An unsupervised classification was performed in Erdas Imaging 
8.5 to produce a thematic map with a total of 8 classes from each of the remote 
sensing image (Fig. 6.4G). Following contextual editing, 1 of these classes was 
interpreted as algal flat habitat based on their spatial distribution from a previous 
study (see Hamylton et al. 2013b; Hamylton et al. 2014) and merged. The remaining 
classes did not correspond to habitat occupied by LBFs and were excluded from the 
analysis.  This generalized habitat map was used to delineate the outer boundary of 
the algal extent across the reef flat. 
A total of 71 georeferenced in-situ snapshots of the substrata were taken inside the 
reef flat study area substrata during November 2011 (Hamylton et al. 2013b; 
Hamylton et al. 2014). Video footage was collected across the entire algal reef flat 
  
130 
area in this study (Fig. 6.4H). All videos were viewed and the percentage cover of 
algae was estimated for each position. The total percentage cover of algae falling 
within each mapped class was then estimated by adding up the algal content across 
all snapshots of video footage falling within the geographical extent of the class 
(Table 6.1; Fig. 6.4I). The presence or absence of algae was implemented in the 
upscaling model by reclassifying the habitat map to produce two masks that 
identified pixels that contained algae and those where no algae were present. 
Carbonate production measurements from kriging analysis (See Section 6.2.2), 
were then multiplied by each of these masks independently and the pixels from the 
resulting layers were added together, for both present and future conditions. 
 
 
 
Table 6.1. Substrata classes determined from video ground-referencing.  
Class name Video snapshots (#) Algal cover (%) 
Algae and rubble on sand 11 15 
Calcified algae with sparse coral 9 0 
Coral 14 0 
Coral, soft coral and calcified algae on reef flat 7 0 
Dead coral framework 8 35 
Low density algae 11 15 
Sand 4 0 
Sparse coral, rubble, algae on sand 7 20 
 
 
 
 
6.2.5 Upscaling production rate for current and near future climate 
change scenarios  
Three methods of linear upscaling estimates of carbonate production were used each 
of which corresponds to the different scenarios of the foraminifera – algal association 
observed in situ (Fig. 6.4J).  These assume either that all M. vertebralis occur in isolation 
from algae (CPisol), that all M. vertebralis occur within an algal assemblage (CPassoc), or 
that M. vertebralis occur both in isolation from and in association with algae (CPmix; see 
Fig. 6.4J) 
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To upscale estimates of M. vertebralis standing crop to the reef-scale using the isolated 
carbonate production method, the LBF density (g m-2) (SC) and growth rate (GR1; g 
yr-1) summed across the number of pixels identified in the reef flat area (N), and 
multiplied by pixel area (PA). This calculation was performed independently for M. 
vertebralis in isolation and in projected end of the century climate change scenarios of 
ocean acidification and warming (Eqn. 1).  
!"!"#$ = !! × (!" x !"!)!!!!  
Eqn. 1 
To further refine estimates of carbonate production of M. vertebralis, an associated 
carbonate production method was used where, the LBF density (g m-2) (SC) was 
multiplied by growth rate of specimens in association with L. intricata (GR2; g yr-1) 
summed across the number of pixels identified in the reef flat area (N), and multiplied 
by pixel area (PA). This calculation was performed independently for M. vertebralis in 
association with L. intricata in ambient and in projected end of the century climate 
change scenarios of ocean acidification and warming (Eqn. 2) 
!"!""#$ =  !!× (!" x !"!)!!!!  
Eqn. 2 
To account for differences in substrata along our reef flat study area, an additional 
Mixed Carbonate Production (CPmix) method was performed in which the presence 
or absence of algae was used to determine carbonate production for each pixel in the 
remote sensing image. For areas that were determined to have algal cover (AC), the 
LBF density (g m-2) as standing crop (SC1) was multiplied by the growth rate 
determined for M. vertebralis in association with L. intricata (GR1), and summed across 
all pixels with algal cover. A similar approach was used to determine areas with non-
algal substrata (NC) where standing crop measurements (SC2) were multiplied by 
growth rates of M. vertebralis in isolation (GR1). These two substrata measurements 
were summed across the entire reef flat study area and multiplied by pixel area (PA) 
for a habitat based carbonate production calculation of carbonate production for 
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current and projected end of the century climate change scenarios of ocean 
acidification and warming (Eqn. 3). 
!"!"# = !!× !"1 x GR1 +  (!"2 x GR2)!"!!!!"!!!  
Eqn. 3 
6.3    Results 
6.3.1 Species interaction on production rate  
Isolated M. vertebralis specimens grew an average 26.97 mg CaCO3 day-1 per gram of 
M. vertebralis in ambient flow through conditions, while in association with L. intricata, 
an average growth rate of 43.14 mg CaCO3 day-1 per gram of M. vertebralis was 
recorded. In future climate change scenarios of ocean acidification (-0.3pH units) and 
warming (+3°C), M. vertebralis incubated in isolation, exhibited an average dissolution 
of -200.94 mg CaCO3 day-1 g of M. vertebralis-1. Interestingly, M. vertebralis that were 
associated with L. intricata exhibited similar growth rates to ambient conditions, 
growing an average of 41.84 mg CaCO3 day-1 g of M. vertebralis-1  (See Chapter 5.3 
for details).  
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Figure 6.5.  Upscaled carbonate production estimates of Marginopora vertebralis in 
ambient conditions for isolated and associated with Laurencia intricata to the entire 
Lizard Island Reef. The effects of projected future conditions of ocean warming 
(+3°C above ambient) and acidification (-0.4 pH units below ambient) were also 
estimated on carbonate production of M. vertebralis with and without association with 
L. intricata.   
6.3.2 Upscaling to carbonate production reef-scale  
Upscaled estimates of reef flat carbonate production at Lizard Island for M. vertebralis 
are 5.28 ± 0.95 tonnes yr-1 for current additive techniques in isolation from algae 
(CPisol.) If the association with L. intricata is considered, an estimated 8.44 ± 1.52 
tonnes yr-1 is produced (Fig. 6.5; Table 6.2). For projected future climate change 
scenarios, M. vertebralis indicate dissolution effects 845% lower than ambient 
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calcification rates, which when upscaled to the entire Lizard Island Group, indicate a 
total of -39.12 ± 5.56 tonnes yr-1 (Fig. 6.5; Table 6.2). When M. vertebralis are 
associated with L. intricata in future climate change scenarios, they maintain a 
carbonate production rate (CPassoc) similar to that of ambient conditions in 
association with L. intricata at 8.19 ± 1.47 tonnes yr-1 (Fig. 6.5; Table 6.2). Estimates 
of error were obtained from mapping error (Hamylton et al. 2013). An habitat based 
(CPhab) approach of upscaling carbonate production yields a carbonate production 
rate of M. vertebralis of 6.16 tonnes yr-1 in current conditions, and -28.11 tonnes yr-1 
and end of the century projected conditions (Table 6.2).  
 
Table 6.2.  Modeled reef-scale carbonate production rates (tonnes yr-1) for Lizard 
Island Reef of Marginopora vertebralis using the Isolated, Associated, and Mixed 
Carbonate Production Models in current and future projected conditions (see 
Methods for details). 
 
Carbonate Production (tonnes yr-1) 
 
 
Current Condition Future Projection Area (km2) 
Isolated Carbonate Production 
   M. vertebralis isolation (CPisol) 5.28 -39.32 2.94 
    
Associated Carbonate Production    
M. vertebralis associated (CPassoc) 8.44 8.19 2.94 
    Mixed Carbonate Production 
  M. vertebralis isolation 3.77 -28.11 1.92 
M. vertebralis associated 2.39 2.32 1.02 
Sum (CPmix) 6.16 -28.11 2.94 
 
6.3.3 Spatial variability of Marginopora vertebralis  
The reef flat at Lizard Island Group is located on the south eastern windward margin 
with a predominant southeast wave direction (Fig. 6.6A). Of the reef flat identified, 
Coconut Beach is located furthest north and is characterized as a slowly sloping reef 
flat composed of mainly algal and coral substrata (Fig. 6.6B). The majority of other 
reef flat habitat identified also was characterized as algal dominated, with 
rubble/sand areas in the back lagoonal area (Fig. 6.6B). Carbonate production rates 
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interpolated for M. vertebralis in current conditions but incubated in isolation 
indicated the highest production rate of > 10 kg m-2 yr-1 in Coconut Beach and the 
reef flat between South and Palfrey Islands (Fig. 6.6C). When M. vertebralis were 
associated with L. intricata, the highest production rate of >19 kg m-2 yr-1 was 
observed in the eastern portion of Coconut Beach (Fig. 6.6D). Under future climate 
scenarios of ocean warming and acidification, M. vertebralis experienced dissolution 
effects that were highest in Coconut Beach with -90 kg m-2 yr-1observed, and no 
dissolution observed in the reef flat between Bird Islet and South Island due to low 
densities of M. vertebralis found during the sampling in October 2015 (Fig. 6.6E). 
Interestingly, when the M. vertebralis were incubated with L. intricata in future 
conditions of ocean acidification and warming, the buffering effect of the algae 
caused upscaled carbonate production rates to be similar to that of ambient 
conditions of M. vertebralis in association with L. intricata (Fig. 6.6F).  
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Figure 6.6. Habitat map of Lizard Island Group with (A) habit classes outlined for 
the surround reef, and a red outline for the reef flat study area. The windward reef 
flat at Lizard Island exhibits (B) mostly coral, soft coral and calcified algae from 
remotely sensed data, with sand patches further into the lagoon. M. vertebralis exhibit 
spatially heterogeneous distribution that concentrated in Coconut Beach, and the 
reef flat between South and Palfrey Islands. These production rates were modeled for 
(C) current day isolated M. vertebralis, (D), current day M. vertebralis in association with 
Laurencia intricata (algal substrata), and in (E) future conditions of M. vertebralis 
isolation, and (F) in association with L. intricata. 
 
A B 
C D 
E F 
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6.4    Discussion 
6.4.1 Contribution of Marginopora vertebralis to carbonate budgets at 
the Lizard Island Group 
These results show that one species of LBF, M. vertebralis accounts for a significant 
portion of carbonate production on Lizard Island Reef, with the highest densities 
located on Coconut Beach and the reef flat between South and Palfrey Islands. The 
maximum rate of carbonate production observed in this study was 19.7 kg m-2 yr-1 at 
Coconut Beach. Previous models of carbonate production using hydrochemical 
methods have observed a range of values between 1.97 - 3.83 kg m-2 yr-1 observed 
over a 33 year sampling period, measured at the nearby reef flat site at Bird Islet 
(Silverman et al. 2014). Census based studies indicate that corals produce the 
majority of carbonate production at Lizard Island, estimated to be 10.45 kg m-2 yr-1 
(Hamylton et al. 2014). While these values of carbonate production of M. vertebralis 
are higher than those observed for corals at Lizard Island Reef (Hamylton et al. 
2014), it is important to note that populations of LBFs are localized to small areas 
where they occur in high densities.  
Densities of M. vertebralis at Coconut Beach were greater than 1,800 g/m2, and are 
among the highest recorded in the literature with comparable sites at One Tree Reef 
(>800 g/m2; Doo et al. 2012a; Chapter 2). The high density of M. vertebralis at this 
site has been observed for decades indicating this crucial importance of this species to 
maintain local beach sands/lagoon sediments (Baccaert 1987; Webster 1993). 
Although the maximum carbonate density of M. vertebralis is higher than estimates of 
local coral carbonate production (Hamylton et al. 2014), traces of its contribution are 
not well preserved in lagoon sediments due to dissolution of its test through 
mechanical and chemical forcings (Morse et al. 2006). In contrast, other LBF species 
(eg. Baculogypsina sphaerulata, Calcarina sp.) that are also present in high densities on this 
reef flat are well preserved in sediments (Baccaert 1987; Doo pers. obv.). The high 
magnesium-calcite mineralogy of M. vertebralis makes it more prone to dissolution 
(Yamamoto et al. 2012). Marginopora vertebralis is among one of the fastest calcifiers in 
LBF species (Doo et al. 2012a). Beach sands on Coconut Beach also have a seasonal 
flux of M. vertebralis tests (Doo pers. obs.), indicating yearly life cycles could also 
influence deposition of carbonate sands (Hohenegger 2006).  
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6.4.2 The implications of incorporating ecological interactions into 
upscaling models of carbonate production 
The three methods used to estimate reef flat production by M. vertebralis allow for a 
comparison of overall reef-scale estimates of M. vertebralis carbonate production in 
total isolation from algae, in total association with algae or exhibiting a mixed, 
heterogeneous association with algae. In current conditions, there is only a 3.16 
tonnes yr-1 difference between M. vertebralis in isolation or with algae, but the same 
model simulated under future climate change scenarios of elevated temperatures (and 
ocean acidity), indicated a substantial decrease to -39.32 tonnes yr-1. Perhaps a more 
ecologically realistic scenario of heterogeneous associations indicated a buffering 
trend, where effects of climate change are not noticeable. This suggests that while the 
reef wide carbonate production model is relatively insensitive to the presence or 
absence of algal associations in current conditions, it becomes sensitive when future 
environmental scenarios are simulated. This is an important consideration for models 
that seek to project future values of this reef functional service. While hydrochemical 
techniques are useful to investigating community metabolism of the reef system as a 
whole, laboratory-based experiments can be used to assess the potential importance 
of biological buffering through organismal interactions to at least partially ameliorate 
the negative effects of climate change (eg. Chapter 5). While averages were used to 
model to the changes in carbonate production of M. vertebralis, the variance of 
isolated M. vertebralis in present day and future conditions of climate change increased 
by 5 times, indicating phenotypic plasticity in the population of M. vertebralis at LIR. 
The mechanism behind this plasticity is unclear, but ecological interactions between 
species and abiotic forcings are likely to influence resilience at a local scale (Sunday et 
al. 2012). 
Non-linear responses of carbonate production have been observed in relation to 
abiotic factors such as seabed orbital velocity which has a 2nd order polynomial 
relationship to carbonate production (Hamylton et al. 2013b). These non-linear 
trends have also been observed in physiological responses of organisms such as corals 
to abiotic factors of ocean acidification and warming (Castillo et al. 2014), suggesting 
that the response of LBFs to environmental stress may not result in a linear reduction 
of carbonate production. Species interactions are manifested in a variety of ecological 
processes such as competition, which elicits an antagonistic effect, and mutualism, 
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which causes fish living on corals to graze harmful macroalgae (Dixson and Hay 
2012). How these ecological processes are accounted for in carbonate production 
estimates is important to elucidate. Antagonistic interactions such as competition 
between calcifiers have been documented for corals (reviewed in Chadwick and 
Morrow 2011), while synergistic interactions such as the physiological buffering 
between taxa have been documented in Chapter 5. 
6.4.3 Physiological considerations to reduce error of reef-scale carbonate 
budgets 
Diffusive boundary layers are documented to help ameliorate stress of climate change 
(Chapter 5), but at the reef-scale, micro-habitats exist in which the LBFs exhibited 
variability in carbonate production rate, depending on whether they were living in 
association with algae or in isolation from algae on hard substrata. Locations between 
South and Palfrey Islands were shown to contain M. vertebralis (Fig. 6.2), where 
despite the absence of algal habitat, M. vertebralis is still present. In these areas, 
carbonate production rates (based on standing crop measurements and growth rates), 
were significantly reduced compared to those located at Coconut Beach (Table 6.2; 
Fig. 6.5). Using a habitat based carbonate production model, I estimate that the 
survival of M. vertebralis is dependent to the response of L. intricata in climate change 
stressors of ocean acidification and warming (Chapter 5). These findings influence 
reef-scale production estimates where if there was algae present, no effect of climate 
change is observed in terms of carbonate production rate. As models of a 1.2m sea 
level rise by the end of the century on Lizard Island indicates drowned reefs by 2050 
(Hamylton et al. 2014), the potential for an algal substrata to enhance calcification 
rates may at least partially ameliorate these negative effects. In diverse coral reef 
ecosystems with a mix of calcifiers, understanding the nuances of organisms 
physiology is important to reducing error in the estimates of carbonate production at 
a reef-scale. 
6.4.4 Future Directions 
As dissolution of M. vertebralis is crucial for the maintenance of reef chemical 
equilibrium in coral reefs (Yamamoto et al. 2012), further studies on diagensis effects 
are needed to understand carbon flux between living and fossil calcifiers. In 
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particular the M. vertebralis observed in this study had similar growth rates in 
projected ocean warming and acidification scenarios, but the quality of the resulting 
test with respect to vulnerability to dissolution is not known.  This however, has 
serious ecological implications on the inorganic carbon cycle of coral reefs. In 
addition, a disparity remains in carbonate budget estimates in that microscopic 
organisms are hard to quantify both because of size, and due to habitat heterogeneity 
in the micro-scale. For example, high carbonate producing LBFs generally reside in 
wave dynamic areas on reef flats, and in tide pools, creating a centimeter scale 
heterogeneous habitat in which LBFs can migrate within (Sinutok et al. 2013).  
Hydrochemical measurements capture daily fluxes of reef metabolism, but do not 
necessarily account for longer term dissolution effects on reef carbonate production 
(Perry et al. 2008). Inter-annual studies of LBFs indicate spatial and temporal 
variability in carbonate production (e.g., Hohenegger 2006; Fujita et al. 2015; 
Chapter 2), which suggests determining current day baseline rates of calcification 
should be conducted over multiple years. While this study focused on an 
instantaneous sample of M. vertebralis, these results highlight that the interaction with 
marine algae affects growth rates. Further work is needed to determine if this trend 
occurs over a seasonal scale to improve our understanding of how this epiphytic 
relationship currently functions. Incorporating ecological processes such as 
competition and synergies between organisms into carbonate production estimates 
should also be explored. In particular, characterizing the spatial extent of individuals’ 
interactions within a community (eg. species distribution models through kriging), 
could bridge the gap between linear additive models of individual organisms and the 
overall reef-scale trend observed through hydrochemical models.  
The organization of benthic communities across coral reefs is underpinned by 
spatially structured ecological processes and interactions between neighboring 
community components driven by processes such as larval dispersal, migration, 
competition and the spread of disease (Paris-Limouzy 2011). These give rise to spatial 
structure in reef communities that can be modeled using spatially explicit approaches 
such as species distribution models (Franklin 2010). Such models have been applied 
previously to calcifiers at Lizard Island, including coral, carbonate sands, calcareous 
macroalgae and encrusting calcified algae (Hamylton et al. 2013b). Elsewhere at One 
Tree Island, similar models have been developed for LBFs that draw explicitly on 
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their association with algal habitat (Chapter 2). It follows therefore, that it is 
possible to use spatial models to characterize the effects of ecological interactions on 
LBF distributions across reef flats and, by extension, their influence on LBF 
carbonate production. In the complex ecosystem of diverse coral reefs, understanding 
the ecological interactions between multiple species will expand our knowledge of 
how reef-scale carbonate production will be affected in a changing ocean.  
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Chapter 7 General Discussion  
 
Advancing our understanding of resilience in a 
changing ocean using LBFs as a model taxon 
7.1    Thesis summary 
Decreased biodiversity and ecological function on coral reef ecosystems are occurring 
worldwide due to climate change (Hoegh-Guldberg 1999; Hoegh-Guldberg et al. 
2007). Recent bleaching of the Great Barrier Reef highlights the need to assess how 
reef organisms will respond to projected stressors, and in particular, those with 
important ecosystem roles (Hughes et al. 2003; Hughes et al. 2015). Large benthic 
foraminifera (LBFs) have long been identified as key components of coral reefs (e.g., 
Davies and West 1981), and serve as valuable proxies for water quality through 
diversity indices, such as the Foraminifera in Reef Assessment and Monitoring Index 
(FoRAM Index; Hallock et al. 2003). Although their importance is recognized, 
quantification of reef-scale carbonate production by living LBFs has been considered 
difficult due to their microscopic size (Doo et al. 2014b). Reef-scale estimates of LBF 
populations provide valuable baseline information on current carbonate production 
and also offer key insights into the ecological processes underlying maintenance of 
reef processes (eg. pH equilibrium). This thesis contains some of the first studies to 
upscale carbonate production rates of LBFs to reef-scale estimates, offering 
functionally meaningful values that can be incorporated into existing carbonate 
budgets (Chapter 2, 6).  
To assess the potential for resilience (physiological adaptation) in projected ocean 
acidification and warming conditions, the response of a common LBF species, 
Marginopora vertebralis to warming and acidification scenarios was documented by 
incorporating environmental history into the interpretation of the stress response. 
This work adds to existing evidence that thermal and chemical history of an 
organism plays a determining role in their response to climate change stress 
(Chapter 3). To expand on experiments in Chapter 3, the influence of LBF as 
epibionts on the resilience calcifying algae to acidification and warming was 
investigated by performing ecologically relevant experiments comparing the 
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responses of M. vertebralis in isolation and those in association with Halimeda tuna. The 
results from this study indicate a change from the present day mutualistic relationship 
between H. tuna and it’s epiphyte M. vertebralis in projected climate change scenarios 
(Chapter 4). In contrast, when M. vertebralis was incubated with a different common 
algal substratum, Laurencia intricata (a corticated red algae), a buffering effect of the 
algae ameliorated the negative effects of ocean acidification and warming by 
providing a stable microenvironment for the LBF (Chapter 5).  
In Chapter 6, physiological data on the effects of algal substrata were incorporated 
into carbonate production models for Lizard Island. This study investigated the 
difference between ecologically relevant models that consider LBF association with 
an algal substratum, in contrast with upscaling carbonate production rates of isolated 
LBFs (Doo et al. 2012a). These results showed that ecological interactions between 
species such as epiphytic symbioses can enhance rates of calcification in M. vertebralis. 
Results from this study suggest that algae can buffer against climate change, as seen 
in the maintenance of M. vertebralis growth rates in association with L. intricata algae. 
Thus, consideration of the algal substrata is important to incorporate into carbonate 
production models of calcifiers in near-future projections of ocean warming and 
acidification,  
7.2    The role of physiology in a changing ocean 
The physiological responses of M. vertebralis and other LBFs to the climate change 
stressors of ocean acidification and warming have been documented in previous 
studies that indicate a general negative trend (reviewed in Doo et al. 2014b). Similar 
trends were observed in this thesis, where M. vertebralis in isolation experienced 
significant decreases in growth at acidification treatments (0.3 pH units below 
ambient), and dissolution in warming treatments (3°C above ambient). In contrast, 
when M. vertebralis were incubated with L. intricata, effects of ocean warming and 
acidification stress were ameliorated by the presence of the algal substrata. As 
documented in previous studies and this thesis, this resilience was caused by 
increased photosynthesis and calcification rates, as seen at CO2 seeps (Uthicke and 
Fabricius 2012). The photosynthetic rate increase that helps maintain present day 
growth rates is likely tied to adaptation of M. vertebralis to thermally and chemically 
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variable habitats. The micro-environment of M. vertebralis also helps facilitate this 
resilience. These trends are also seen in other marine invertebrates, where intertidal 
crabs are resilient to a larger range of heat stress (Stillman 2003), a response 
suggested to be due to its adaptation to pH and temperature fluxes in nature. In 
addition to thermal and chemical history affecting resilience, physiological 
interactions between marine algal substrata and the LBF epiphyte are also crucial to 
consider. Diffusive boundary layers (DBLs) can elevate the pH of marine algal 
microenvironment up to pH 8.8 (de Beer and Larkum 2001). In temperate reefs, 
areas such as kelp forests are hypothesized to be a refugia to associated meiofauna 
and epibionts (Saderne and Wahl 2013). While the mechanism for this increased 
resiliency of M. vertebralis in association with L. intricata is not known, molecular 
techniques to determine gene expression patterns in both host and epiphyte could 
offer insights into the potential for transfer of resources between these two organisms.  
In previous climate change experiments with marine calcifiers, physiological 
responses to stress are often listed as independent response variables, with little 
attempt to link these parameters. However, as climate change experiments progress, 
the ability to determine the mechanisms behind physiological decline is important in 
predicting organisms’ responses to stress. Statistical techniques have recently been 
used to analyze multiple response factors in the same experiment to determine factors 
that predict impacts on overall organismal growth. The use of dynamic energy 
budgets (DEBS) have been applied in corals and echinoderms to model various 
physiological parameters (Monaco et al. 2014; Cunning et al. 2015a; Cunning et al. 
2015b), and have been useful in linking mechanistic breakdowns in organism growth 
in response to stress. Furthermore, ecological interactions in the intertidal have been 
modeled in a path analysis or structural equation model where the relationship 
between each organism is assessed as a covariable (Wootton 1994; Shipley 1997). 
This technique can be applied using models of LBF and coral calcification as a basis 
for incorporating each physiological parameter as a covariable, and analyzing these 
data in a multiple regresional model, where the strength of these correlations are 
used to determine key interactions within the calcification pathway. This will allow 
for the modeling of multiple parameters measured, determining a causal link of 
changes in calcification in response to ocean acidification and warming, instead of 
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multiple analyses of discrete variables, leading to a better understanding of how the 
LBF holobiont will be affected by changing climates.  
7.3    The potential for adaptation in a changing ocean 
Anthropogenic stress in the world’s oceans has increased the need for organisms to 
adapt to increasing temperature and acidification among other compounding 
stressors (Sunday et al. 2012). Organismal responses to short term shock stress have 
been documented in LBFs with heat shock proteins (HSPs), providing increased 
thermotolerance to organisms on a cellular level by maintaining the stability of 
folding patterns in proteins when exposed to stress (reviewed in Feder and Hofmann 
1999). These chaperone proteins have been identified in benthic foraminifera (Heinz 
et al. 2012), and in associated symbionts (Doo et al. 2012b; Doo et al. 2014a) as a 
protective mechanisms (Feder and Hofmann 1999). Responses to pulse stress (<4hr) 
are suggested to indicate adaptation to localized environment for intertidal LBFs 
(Doo et al. 2012b), and corals (Howells et al. 2012), or could be a result of phenotypic 
plasticity.  
While adaptation to pulse stress has been identified in LBFs, longer-term stress 
effects, especially in the context of environmental history have not been well studied 
in LBFs. Resilience of M. vertebralis to increased temperature and acidification was 
observed in tide pool populations, which experience large thermal and chemical 
fluxes. However, this appeared to be associated with a higher metabolic cost seen in 
the increase in photosynthesis in extreme treatments. Interestingly, in Chapter 5, 
photosynthesis and respiration rates of M. vertebralis in association with L. intricata 
were significantly higher than in M. vertebralis in isolation. Previous studies have 
identified the potential for increased reactive oxygen species (ROS) in LBFs 
generated by the algal symbiont in response to thermal and nutrient stress (Prazeres 
et al. 2015). This may indicate a compensatory mechanism where increased 
symbiont activity is a mechanism to counteract the negative effects of stress, a 
potential evolutionary adaptation to increase resilience through species interactions 
(Connell and Ghedini 2015). In addition, the increase in respiration of both M. 
vertebralis and L. intricata in response to climate change stress would counteract the 
negative effects of increased ROS production (Prazeres et al. 2016).  
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Resistance in foraminifera to climate change stress (eg. warming up to 34°C for 
extended periods) has been observed (Schmidt et al. 2016). While the mechanism 
behind this response is unclear, previous studies have suggested that symbiont type 
(e.g., diatom, dinoflagellate) may play a key role in how the LBF responds to stress 
(Fujita et al. 2011; Hikami et al. 2011; Schmidt et al. 2016). Convincing evidence of 
the persistence of LBFs in an altered ocean can be found in paleoceanographic 
records, where this taxon has persisted since the Jurassic, surviving multiple mass 
extinctions (Sen Gupta 2003). 
7.4    Carbonate production in a changing ocean  
Calcifiers are predicted to be among the most impacted organisms in projected future 
climate change scenarios, with increased metabolic costs associated with their ability 
to produce calcium carbonate tests in ocean acidification and warming conditions 
(Kroeker et al. 2010; Byrne and Przeslawski 2013; Kroeker et al. 2013). At a reef-
scale, calcifiers such as corals offer important ecosystem services, providing habitat 
for fauna in the form of reef complexity (Hoegh-Guldberg et al. 2007). In addition, 
the ability to sequester inorganic carbon from the water column also provides an 
important carbon sink to combat increasing anthropogenic CO2 levels. This thesis 
quantified the contribution of LBFs at two coral reefs (One Tree and Lizard Island 
Reefs). Large benthic foraminifera located on the reef flat at One Tree Reef are 
estimated to contribute 4-6% of reef-scale carbonate production whereas M. vertebralis 
located on reef flat environments at Lizard Island Reef generate an estimated > 8 
tonnes per year. These estimates are a previously unaccounted component to reef-
scale carbonate budgets (Hamylton et al. 2013b; Hamylton et al. 2014).  Most 
importantly a novel method was used in this thesis by incorporating habitat maps 
that account for the extent of the algal substrata used by LBFs, into quantification of 
carbonate production rates. This presents an advance over previous methods. In 
addition previous studies on carbonate production of LBFs have not incorporated 
seasonal (Doo et al. 2012a), or spatial (Hohenegger 2006; Fujita et al. 2009; Fujita et 
al. 2015) variability in their estimates. The approach used here across season and 
spatial scales showed the importance of refining estimates of reef-scale carbonate 
production in determining the ecological role of LBFs on coral reefs.  
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While carbonate production rates are important to quantify, effects of diagenesis are 
also important to measure, as LBFs have been described as “first responders” of coral 
reefs by providing increased buffering capacity through night-time dissolution 
(Yamamoto et al. 2012). This ecosystem buffering role of inorganic dissolution in 
LBFs is likely due to the high Mg-calcite elemental composition of their tests (Morse 
et al. 2006), which is a byproduct of faster calcification rates in LBF species that 
occur in reef flat environments (Sen Gupta 2003). Calcification rates in a “fast 
calcifying” species, M. vertebralis were enhanced in the presence of its algal substrate 
through DBLs. The calcite of M. vertebralis in association with macroalgae likely has 
higher Mg/Ca ratios than those incubated in isolation, evidenced by a large seasonal 
variation of high Mg-calcite test produced by M. vertebralis (>100mmol/mol Mg/Ca 
over a seasonal scale; Raja et al. 2007). This increase in Mg/Ca levels in M. vertebralis 
would lead to increased dissolution rates of the LBF at night-time, as respiration of H. 
tuna causes decreases in the micro-boundary layer pH (de Beer and Larkum 2001). 
The shift in the relationship of M. vertebralis and H. tuna in climate change scenarios 
may indicate epiphytic foraminifera are adapted for large chemical flux conditions 
experienced in present day scenarios, while projected ocean warming and 
acidification would likely disrupt this interaction.       
Other LBF species common on reef flats include species with lower Mg-Calcite 
calcifiers such as Baculogypsina sphaerulata, Calcarina hispida, and Amphistegina lobifera, 
many of which exhibit less variation in Mg/Ca ratios compared with M. vertebralis 
(Raja et al. 2005). Likely due to their more stable form of calcite, B. sphaerulata and A. 
lobifera preserve well in the lagoon sediments of both One Tree Reef and Lizard 
Island, whereas M. vertebralis does not (Davies and West 1981; Baccaert 1987). This 
suggests that both the high Mg/Ca ratio and the vulnerability of the large surface 
area of the test to dissolution influence the lack of preservation of M. vertebralis in 
carbonate sediments. Although dissolution of M. vertebralis is increased relative to 
other LBFs, it’s high-magnesium calcite test is important to inorganic carbon cycling 
on reefs buffering against diel changes in pH (Yamamoto et al. 2012). Overall, this 
thesis contributes to the understanding of ecological niches of sediment production 
that may not be well quantified, but serve an important role in inorganic carbon 
cycling on reefs.  
  
148 
7.5    Bridging the gap between physiology and community 
observations 
As studies of climate change advance, there is a need to link observations of single 
organism responses to ecosystem trends. In Chapter 6, I used physiological data to 
link community metabolism rates of calcification between M. vertebralis, and L. 
intricata, modeling an amelioration of climate change stressors through physiological 
buffering on the reef-scale at Lizard Island Reef. One possible explanation of these 
trends of biological buffering of climate change revolves around the metabolic theory 
of ecology (MTE), which states that an organisms’ metabolism dictates it’s role in 
ecological processes at all levels from individual to community (Brown et al. 2004). 
The MTE hypothesizes that the high taxonomic diversity in the tropics is due to 
speciation driven by metabolism at higher temperatures. In the context of this theory, 
the LBF intertidal environment of fluctuating temperature and pH would be 
predicted to facilitate increased diversity (Pace 1997). This theory could also extend 
to the ecological niches that LBFs utilize in their thermally and chemically dynamic 
environment. In this scenario, M. vertebralis calcifies and dissolves the fastest, while 
calcarinids exhibit a slower more sustained growth process, filling different roles in 
the intertidal tide pool ecosystem of coral reefs. Calcification in M. vertebralis currently 
occupies an ecological niche, associated with its high carbonate production rates. 
Species of B. sphaerulata, C. hispida, and A. lobifera also occur in high densities on One 
Tree and Lizard Island Reefs, but precipitate a lower Mg/Ca test compared with M. 
vertebralis. The precipitation of lower-magnesium calcite could be an ecological niche 
in which organisms have adapted to form calcium carbonate skeletons with a 
gradient of solubility to changing pH conditions (Morse et al. 2006; Connell and 
Ghedini 2015).  
An important theme to emerge from this thesis is that of compensatory mechanisms 
of increased metabolism that may have evolved to counter the negative effects of 
stress. For M. vertebralis, this results in the apparent decoupling of weight and 
calcification metrics, in which calcification rates increase to compensate for increased 
stress, while maintaining growth rates. Resistance of M. vertebralis to climate change 
stressors both through single organism physiology and through an interaction with L. 
intricata were documented in this thesis. The MTE predicts the pace of interactions in 
the context of stress response (due to consumption and population growth) are 
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determined by rates of individual metabolism and have the same body size and 
temperature dependence. In this context, M. vertebralis appears to successfully 
compete with calcifying and non-calcifying algae for resources in present-day 
conditions, but may be deleteriously affected by calcifying algae in projected 
scenarios of ocean acidification and warming. 
7.6    Future directions 
As the field of marine climate change science progresses, increasingly complex 
interactions between organisms, as well as the mechanism underpinning these 
observations are being documented. Future work investigating LBFs as a model 
system to investigate the effects of climate change on calcifying organisms should 
provide insights into:  
1. Characterization of the thermal and chemical history role and the potential 
interactive effects of multiple climate change stressors (in particular warming 
and acidification) of LBFs.  
2. Understanding if differences in the calcification response of LBFs to warming 
and acidification is due to differences in calcification mechanisms between 
porcelaneous and hyaline species, or related to symbiont types. This is 
essential to predict the resilience of LBFs. 
3. Achieving a better understanding the role of LBFs in reef-scale carbonate 
production, particularly both while living, and post mortem. 
4. Developing additional parameters to monitor the health of both host and 
symbiont compartments. Multiple techniques are available to assess 
photosymbiont health (e.g., Fv/Fm and chl-a), but few exist for the host alone. 
5. The mechanisms as to how LBFs will respond to changing ocean conditions. 
These data are likely to be gleaned from molecular analysis (e.g., varied gene 
expression in response to stress). This thesis documents interesting trends of 
how species interactions changes the physiology of LBFs, and molecular 
techniques would be suitable to elucidate these mechanisms.  
6. Linking organismal physiology to ecological processes by incorporating 
energy budgets (e.g., DEBs) into reef-scale carbonate budget estimates.  
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